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An extensive set of ESR spectra was obtained over a wide range of frequencies 
(9, 95, 170 and 240 GHz) and temperatures (2 to 32oC) to explore the dynamic modes 
of nitroxide-labeled T4 lysozyme in solution. A commonly used nitroxide side chain 
(R1), or a methylated analogue with hindered internal motion (R2), was substituted for 
the native side chain at solvent-exposed helical sites, 72 or 131. The spectra at all four 
frequencies were simultaneously fit with the slowly relaxing local structure (SRLS) 
model. Good fits were achieved at all the temperatures. Two principle dynamic modes 
are included in the SRLS model: the global tumbling of the protein and the internal 
motion consisting of backbone fluctuations and side chain isomerizations. Three 
distinct spectral components were required for R1 and two for R2 to account for the 
spectra at all temperatures. One is a highly ordered and slow motional component, 
which is observed in the spectra of both R1 and R2; it may correspond to conformers 
stabilized by interaction with the protein surface. The fraction of this component 
decreases with increasing temperature, and is more populated in the R2 spectra, 
possibly arising from stronger interaction of the nitroxide ring with the protein surface 
due to the additional methyl group. The other two components of R1 and the second 
component of R2, are characterized by fast anisotropic diffusion and relatively low 
ordering, most likely corresponding to conformers having little or no interactions with 
nearby residues. Comparison of the motion of R1 and R2 at sites 72 and 131 makes it 
unclear whether backbone dynamics or differences in side chain internal motion is the 
major contribution to the spectral differences at these sites. Ficoll of different 
concentrations was added to increase the solution viscosity, thereby slowing down the 
global tumbling of the protein. A significant effect of Ficoll on the internal motion of 
an immobilized component was apparent in R2 but not in R1. The ability of such 
multifrequency studies to separate the effects of faster internal modes of motion from 
slower overall motions is clearly demonstrated, and its utility in future studies is 
considered. 
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 1
CHAPTER 1 
 
INTRODUCTION 
 
1.1  ELECTRON SPIN RESONANCE (ESR) SPECTROSCOPY AND 
PROTEIN DYNAMICS 
 
Proteins have been recognized to be dynamic, not static, molecules. There are a 
variety of motions with different amplitude and time scales within a protein molecule. 
The dynamics of proteins are important to their functions. To explore and characterize 
the dynamics of proteins is crucial for understanding the relation between dynamics 
and function. 
Electron spin resonance (ESR) spectroscopy, as a sensitive technique to probe 
molecules containing unpaired electrons, has been widely used in the study of protein 
dynamics (1, 2, 3, 4, 5, 6, 7). Most protein molecules do not have unpaired electrons. 
Therefore, so far, most studies on protein dynamics using ESR spectroscopy are 
coupled with the site-directed spin labeling (SDSL) technique, with which the site or 
sites of interest can be labeled with the free radical where the unpaired electron is 
localized. The nitroxide group is usually selected as the spin label to label proteins. 
Detailed information regarding the motion of the spin labeled protein can be obtained 
by spectral simulation (8, 9).  
 
1.2   MOTIONS WITHIN THE PROTEIN MOLECULE STUDIED BY ESR 
SPECTROSCOPY 
 
The motion of the spin label is considered to be influenced by its interaction 
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with its surrounding atoms. Therefore, the mobility of the spin label is supposed to be 
site specific, resulting in a relationship between the dynamics of spin labels at various 
sites and the structure and function of the protein. Some examples of ESR studies on 
protein dynamics at different time scales, which include side chain motions, backbone 
fluctuations, loop motions, domain motions, coil-helix transition, folding/unfolding 
transition, and the global tumbling, were published (10, 11, 12, 13, 14, 15, 16, 17, 18). 
Many of them are related to water soluble proteins (19).  
In this dissertation, we are most interested in the motions of side chains, 
backbone fluctuations, and the global tumbling. The motions of side chains in the α-
helix of T4 lysozyme (T4L), in the β-sheet of T4L as well as annexin 12, and in the 
loop region of cellular retinol-biding protein (CRBP) were studied by Hubbell and 
coworkers at specific amino acid sites substituted with spin labeled cysteines. The 
motion of the side chain is mainly affected by the motion of its backbone and the 
motion of its tether, which is constrained by the interaction between this side chain 
and other amino acid residues surrounding it. When there is no interaction between the 
side chain exposed to the solvent in an α-helix and residues in the same helix but 
belonging to different turns, the motion of the tether is same at residues in different 
helices. Thus, the motion of the side chain can represent the motion of its backbone. If 
this were the case, ESR spectroscopy together with the SDSL technique may be very 
useful for mapping backbone dynamics in protein. However, our results in this work 
show that the motion of the backbone may not be the only contribution to the different 
mobility of side chains at two solvent exposed sites in different helices. 
The main challenge in the study of protein dynamics is to decompose various 
dynamic modes in a protein. For proteins with molecular weight larger than 50 kD, the 
global tumbling is too slow to contribute to the X-band ESR spectra (10). For smaller 
proteins, such as T4 lysozyme (T4L) with the molecular weight of  ~ 19 kD, the effect 
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of the global tumbling can be reduced either by recording spectra in solution with 
viscogen (e.g. in sucrose solution) or collecting data on high frequency ESR 
spectrometers. Thus, the effects of backbone fluctuations and the conformational 
transitions within the side chain can be determined from the ESR spectra. Once the 
internal motion is determined, the global tumbling can be obtained from the 
conventional X-band spectra (i.e. ~ 9 GHz) in water solution. 
 
1.3      A COMPARISON OF VIRTUES OF ESR AND NMR METHODS 
 
Nuclear magnetic resonance (NMR) spectroscopy is another widely used 
technique to study the dynamics of proteins (20, 21, 22). Compared to NMR 
spectroscopy, the virtues of ESR spectroscopy are: (1) ESR is much more sensitive per 
spin; (2) ESR’s time scale is nanoseconds (NMR’s is micro- to milliseconds for 
chemical exchange, i.e. the sampling of different chemical environments by a spin); (3) 
The spin-label spectrum is simple, and can focus on a limited number of spins; (4) 
ESR spectra change dramatically as the tumbling motion of the probe slows, thereby 
providing great sensitivity to local “fluidity” (in NMR nearly complete averaging 
occurs, so only residual rotational effects are observed by T1 and T2) (4).  
At present, the applications of NMR methods to study the structure and 
dynamics of membrane proteins, high molecular weight proteins in solution, and 
protein intermediate states are more problematic. ESR has been successfully applied to 
approach these problems and characterize the structure and dynamics of both soluble 
and membrane proteins of arbitrary molecular weight (1, 7, 10, 16).  
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1.4      VIRTUES FOR MULTIFREQUENCY ESR METHOD 
1.4.1    Sensitivity to Motions at Different Time Scales 
Protein motions over the 10-6 to 10-12 s time scales can be investigated by 
continuous-wave ESR spectroscopy at various frequencies (23, 24, 25). ESR spectra at 
different microwave frequencies are sensitive to motions at different time scales. ESR 
at lower frequencies is more sensitive to the slower motions, whereas ESR at higher 
frequencies is more sensitive to the faster motions (26). For example, the slower 
motions, easily observed in the low frequency ESR spectra, may be frozen at the high 
frequency time scale. On the other hand, the faster motions, completely averaged out 
in the low frequency ESR spectra, can be well resolved at the high frequency time 
scale. Therefore, the combination of ESR spectroscopy at a series of frequencies 
enables one to decompose various motional modes in a protein according to their time 
scales (26). Until now, ESR at only two frequencies has been used to study the 
dynamics of proteins (6, 17, 27, 28, 29, 30, 31, 32).  
 
1.4.2    Sensitivity to g and A Tensors    
Another virtue of the multifrequency ESR approach is the ability to determine 
accurately the principal values of the magnetic tensors (the hyperfine A tensor and g 
tensor) from the rigid limit spectra (33). With conventional ESR spectroscopy, only 
single crystal studies give accurate values for these parameters. Compared to the 
single crystal method, by means of the high frequency method, the magnetic tensors 
are determined when the protein is in its real environment (i.e. in aqueous solution). 
Also, it is much easier to perform the experiments since: (1) a crystal sample is not 
necessary; (2) With the single crystal method, many ESR spectra have to be collected 
by rotating the crystal around three orthogonal axes arbitrarily fixed on the crystal. 
High frequency ESR has a better g tensor resolution than ESR at lower frequencies 
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(see Figure 1-1), because the electron Zeeman interaction term becomes dominant in 
the Hamiltonian at very high frequencies; while A tensor components can be more 
precisely measured from ESR spectra at low or conventional frequency (~ 9 GHz). 
 
1.4.3    Better Orientational Resolution 
In addition, high frequency (i.e. high field) ESR has a better orientational 
resolution so that one can discern more clearly about which axis the motion occurs (4, 
25). As shown in Figure 1-1, which is the powder spectrum of ESR where the samples 
are randomly distributed in different orientations, the regions corresponding to 
rotational diffusion around axes parallel to the x-axis, y-axis, and z-axis of the g tensor 
are well separated in the high frequency (i.e. 250 GHz) spectrum due to the dominance 
of the g tensor. Thus, the principal values for the rotational diffusion tensor 
corresponding to its principal axes can be determined by simulating the high 
frequency spectrum.  
 
1.4.4    Development of More Sophisticated Dynamic Models 
The use of the slowly relaxing local structure (SRLS) model was stimulated by 
the presence of multifrequency experimental data. The more extensive experimental 
spectra for the same sample collected at various frequencies can supply enough data 
for the more sophisticated models for the protein dynamics so that more dynamic 
modes can be separated.  
 
1.5 SITE-DIRECTED SPIN LABELING (SDSL) TECHNIQUE 
 
For ESR spectroscopy, a nitroxide spin label is covalently attached to the 
protein by site-directed spin labeling (SDSL) (1). In SDSL, a cysteine residue is  
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Figure 1-1.   (cf. Biophysical Journal, Volume 75, Page 2538) Comparison of two 
powder ESR spectra (9 and 250 GHz) showing the better orientational resolution in 
the high frequency spectrum (250 GHz). 
 
 
 
 
gYYgXX gZZ 
gXX gZZ 
gYY
 7
introduced at the site of interest by site-directed mutagenesis and modified with a 
nitroxide reagent to generate the spin labeled side chain (see Figure 1-2A) (10). The 
most commonly used nitroxide side chain is R1 (MTSSL), which structure is shown in 
Figure 1-2B (34).  
For a spin labeled protein, the global motion of the spin label can be 
decomposed into the overall tumbling of the protein, backbone fluctuations, and the 
conformational transitions of the spin labeled side chain. More rigid or less mobile 
spin labels such as 4-derivative-R1 were produced to better understand the backbone 
dynamics since the motion of backbone is slower compared to the diffusion of R1 
labeled side chain. The modified R1 will reduce the mobility of side chain and make 
backbone fluctuations dominant and better distinguished.   
It has been shown that the incorporation of the spin label generally does not 
perturb the structure or the function of the protein. At solvent exposed sites, amino 
acid substitution has little effect on the stability and structure of the protein; while at 
buried sites, only the hydrophobic core is repacked and the backbone level fold is still 
mostly preserved (9, 10, 35).  
Most spin labels used so far are nitroxide radicals because of its stability, 
flexibility, and sensitivity to its local environment (36). The chemistry and molecular 
structures of the nitroxide spin labels can be found in Chapter 5 and 6 of the “Spin 
Labeling” book (36).  
Besides R1, other derivatives of R1 were also synthesized to modify one of the 
dynamic modes. For example, the 4-derivatives of R1 have been proved to constrain 
the isomerizations around the last two bonds (χ4 and χ5; see Figure 1-2B). Even more 
rigid spin label, e.g. TOAC, was also constructed to make other modes such as the 
backbone fluctuations even more pronounced. In this dissertation, we also work with 
R2 (4-methyl-MTSSL; see Figure 1-2B) besides R1. 
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A.  
 
B. 
 
Side Chain R1 (R2) 
                                         X = H for R1 (MTSSL) 
X = CH3 for R2 (4-methyl-MTSSL) 
 
                             
 
Figure 1-2.   The site-directed spin labeling (SDSL) technique. 
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1.6      χ4 / χ5  MODEL 
 
As seen in Figure 1-2B, the rotations about χ1 and χ2 are constrained by the 
interaction between the disulfide bond and Cα. The energy potential for the 
conformational transition about χ3 is too high so that the rotation about χ3 is too slow 
for ESR time scale (10, 34, 35). Thus, the last two bonds χ4 and χ5 are the major 
contributions to the ESR spectral lineshape. This so called χ4 / χ5 model has been 
shown by X-ray crystallography, simulation of the X-band ESR spectra, as well as the 
modulation of R1 to other spin labels (10, 34, 35).  
The rotation about χ4 is relatively unconstrained but rotation about χ5 is 
restricted by the steric clash of the disulfide bond with the ring of R1 or its derivatives 
(35). Such restriction for rotation about χ5 is the basis for the ordered motion of the 
spin label. This allows for the simulation of the experimental data with either the 
MOMD or SRLS model, which will be introduced in the following two sections (37).  
 
1.7      THE SLOWLY RELAXING LOCAL STRUCTURE (SRLS) MODEL 
 
1.7.1    Theoretical Background 
The slowly relaxing local structure (SRLS) model, in conjunction with the 
stochastic Liouville equation (SLE), was developed to decompose the global tumbling 
of the protein, and the internal motion consisting of backbone fluctuations and side 
chain isomerizations (26, 38). In this model, the reorientation of the spin label is 
restricted by its local environment which relaxes on a longer time scale (26, 39). ESR 
spectra recorded at a series of frequencies are fit simultaneously using the SRLS 
model with a common set of dynamic and ordering parameters, yielding a large 
number of fitting parameters including the rotational diffusion tensor for the global 
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tumbling (Rc), the rotational diffusion tensor for the internal motion (Ro), as well as 
the order parameters (S20 and S22) for the internal motion. The multifrequency 
approach supplies adequate experimental data for reliably determining these fitting 
parameters.   
In a spin labeled protein, for example, T4 lysozyme in water, both the internal 
motion of the spin labeled side chain and the global motion of the protein as a whole 
can be detected by ESR spectroscopy. For T4 lysozyme in water at room temperature, 
the global rotational diffusion rate of the lysozyme is about 107 s-1, which is in the 
slow motional regime of X-band (9.3~9.4 GHz) spectrometer but in the rigid limit 
regime of 250 GHz spectrometer (6, 28). For the internal motion of T4 lysozyme at 
room temperature, the fast motion mode has a diffusion rate of about 5*108 s-1, which 
is almost in the slow motional regime of X-band spectrometer and deep in the slow 
motional regime of 250 GHz spectrometer. Therefore, the global motion of a small 
protein like T4 lysozyme should be included in the dynamical model for spectrum 
simulation. The SRLS model is for this purpose. In this model, the motion of the spin 
label is separated into two parts, the internal motion and the global motion. Both parts 
have their own diffusion rates, represented respectively by Ro (internal) and Rc 
(global). All the reference frames related to this model are shown in Figure 1-3 (12, 
26). The z-axis of the laboratory frame is parallel to the applied magnetic field. The 
cage frame has the principle axes of the protein molecule as its axes. The global 
motion can be anisotropic (for example, Rc can be axially symmetric), depending on 
the molecular shape and the symmetry of the protein. For a protein in water, there is 
no orienting potential for the global motion, therefore, the global director frame is 
neglected in this model. The internal director frame has one of its axes parallel to the 
direction of the equilibrium orienting potential for the internal motion. The internal  
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LF = Laboratory Frame, 
CF = Cage Frame, 
C’F = Internal Director Frame, 
MF = Internal Diffusion Frame, 
GF = g Tensor Frame, 
AF = A Tensor Frame. 
 
 
Figure 1-3. (i.e. Figure 3 in Reference 26)   Reference frames for the SRLS model. 
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diffusion frame has the principal axes of the internal side chain motion as its axes. The 
g tensor frame and A tensor frame have their axes parallel respectively to the principal 
axes of these two magnetic tensors, which are related to the symmetry of the nitroxide 
group. Usually, these two magnetic tensor frames are set to be identical since for most 
nitroxide spin labels, the three principal axes of the g tensor and the A tensor coincide 
(40, 41). In Figure 1-3, ΩAB represent the Euler angles that transform frame A to frame 
B. ΩCC', ΩA and ΩMG (i.e. Ωg in Figure 1-3) are time-independent, while ΩLC and ΩC'M 
are time-dependent. The stochastic Liouville equation (SLE)  
 ∂ρ(Ω, t) / ∂t = [ -i Hˆ (Ω) + ΓΩ ] ρ(Ω, t) 
is applied with the SRLS model to simulate spectra. In this equation, ρ(Ω, t) is the 
combined orientational distribution function and the spin density matrix operator. The 
spin Hamiltonian Hˆ (Ω) is   
. 
The diffusion operator ΓΩ is  
. 
In this diffusion operator equation, the first two terms on the right are from the 
rotation when there is no orienting potential for both the internal and global motions. 
The other two terms are related to the orienting potential for the internal motion and 
ΩC'M are the Euler angles between the internal diffusion frame and the internal director 
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frame. Brownian diffusion is assumed as the diffusion model for both internal and 
global motions in this SRLS model. If the protein molecule can be regarded as an 
approximate sphere, then 
. 
If the protein is rod-like and has axial symmetry, 
, 
where  and  are the rates for diffusion respectively perpendicular and around the 
uniaxial symmetry axis of the rod-like protein molecule. Similarly, if the internal 
motion is anisotropic but axially symmetric,  
. 
Here, and  are diffusion rates for diffusion perpendicular and around the 
symmetry axis for the internal motion. The dimensionless orienting potential for the 
internal motion u(ΩC'M) satisfies 
 , 
in which U(ΩC'M) is the orienting potential. Then two orientational ordering 
parameters for the internal motion, S20 and S22, are defined respectively as   
 
and 
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. 
Finally, three ( ,  and  ) or four ( , ,  and ) diffusion rates, depending 
on whether the global rotation of the protein is isotropic, two orienting ordering 
parameters (S20 and S22) for the internal motion, and two Euler angles (ΩCC' and ΩMG) 
can be determined to describe the dynamics of a protein by simulating spectra with 
SRLS model. 
 
1.7.2    Application of the SRLS Approach to NMR Studies of Protein Dynamics    
Currently, the model-free (MF) approach is most popular in analyzing 15N 
NMR relaxation data (42, 43, 44). In the model-free approach, it has been assumed 
that: (1) The global diffusion of the protein and the internal motion of the 15N-H bond 
are independent (not coupled); (2) The local ordering and magnetic tensor frames are 
axially symmetric and collinear (42, 43, 45).  
The slowly relaxing local structure (SRLS) approach has also been developed 
for NMR, and can be regarded as a generalized version of the MF approach (45, 46, 47, 
48) : (1) The SRLS approach accounts for the coupling of the global diffusion and the 
internal motion of the N-H bond by the local ordering potential; (2) The general (axial 
or rhombic) geometry of the local ordering is considered in the SRLS approach.  
 
1.8    THE MICROSOPIC ORDER MACROSCOPIC DISORDER (MOMD) 
MODEL 
 
The microscopic order macroscopic disorder (MOMD) model has been 
developed by Freed and coworkers (49). When the global tumbling motion is slow 
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enough, the SRLS model reduces to MOMD model, where the spin labels are 
randomly distributed in all orientations, and the local motion occurs but is constrained 
by an ordering potential. The MOMD model can be used to simulate spectra of 
proteins larger than 50 kD or small proteins in highly viscous solution or at low 
temperature so that the global tumbling is reduced and can be regarded as frozen. The 
parameters derived from the program based on the MOMD model are the rotational 
diffusion rates and the order parameters of the internal motion [The global tumbling is 
slow enough and has negligible effect]. 
 
1.9       T4  LYSOZYME 
 
T4 lysozyme, a member of the lysozyme family, plays an important role in the 
lysis of bacteria such as Escherichia coli B infected by phage T4 (50). The cell wall of 
bacteria is built by oligosaccharides cross-linked together by the peptide chains 
extended from the lactyl groups of N-acetylmuramyl residues. Both T4 lysozyme and 
hen egg white lysozyme, another member of the lysozyme family, catalyze the 
hydrolysis of the glycosidic bond in oligosaccharides so that the cell wall can be 
broken. However, T4 lysozyme, different from hen egg white lysozyme, hydrolyzes 
only the glycosidic bond connecting to C-1 of the N-acetylmuramyl peptide residue 
when acting on the peptidoglycan which is a major component of the cell wall (51, 52). 
With Tsugita's research, Asp20, Gln105 and Trp138 are essential amino acid residues 
for T4 lysozyme's catalytic function (53).  
T4 lysozyme is a monomeric enzyme composed of 164 amino acid residues 
with a molecular weight of 18700 daltons. The secondary structure (see Figure 1-4) 
has already been determined by NMR spectroscopy by Zuiderweg and coworkers (54) 
as well as by X-ray crystallography by Matthews and coworkers (55). Its tertiary  
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Figure 1-4.   The secondary structure of T4 lysozyme from N-terminus to C-terminus. 
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structure has been determined by X-ray crystallography at 2.5 Å resolution by 
Matthews and coworkers in 1974 (56), and refined at 2.4 Å resolution in 1978 (55) as 
well as at 1.7 Å resolution in 1987 (15) by X-ray crystallography. Its body dimensions 
are 50*30*30 Å. 
T4L is a well documented protein and thus used as a model system to test ESR 
method including the multifrequency ESR method in the study of protein dynamics. In 
the future, less well known protein can be characterized based on the method 
developed with the help of T4L (10).  
T4L consists of N- and C- terminal domains connected by a long interdomain 
helix (cf. Figure 2-1). The C-terminal domain is larger and ranges from approximately 
residue 75 to the C-terminus (i.e. residue 164) (57). The N-terminal domain is smaller 
and ranges from approximately residue 13 to residue 65. The first ten N-terminal 
residues are not statically part of the N- or C- terminal domain, but fluctuate with 
either of the two domains. The transition between the N- and C- terminal domains 
ranges from residue 65 to residue 75, in the middle of the interdomain helix. The two 
domains undergo hinge-bending motion about the long interdomain helix and such 
conformational mobility is important in allowing access of substrates to the active site 
cleft of the enzyme formed between two domains (58). 
 
1.10   MOTIVATION FOR THIS WORK 
 
This project was undertaken to test the application of multifrequency ESR for 
studying the dynamics of proteins. Thus, T4 lysozyme (T4L), a protein that has been 
extensively studied by the conventional ESR spectroscopy at X-band (9.3~9.4 GHz), 
and has a well-known structure from crystallography was selected as the model system 
to show that multifrequency ESR is a useful tool for studying protein dynamics. 
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Based on carefully performed experiments and quantitative analyses in this 
work, we focus on three types of motion within a protein: (1) The first one is the 
global tumbling of T4L. Previous to this research, the global tumbling of T4L was 
determined by NMR based on the 15N T1/T2 ratio (59). The global tumbling of 
proteins less than 50 kD can be observed by cw (continuous-wave) ESR at X-band. (2) 
The second type of motion is backbone fluctuations. To study such motion, two 
solvent exposed residues which are connected to helices with different length and 
rigidity were individually spin labeled and studied in this work. It was expected that 
any observed spectral difference could be attributed to the different mobility of the 
backbone at these two sites, since the motion of the nitroxide tether should be similar 
in both cases. It has been shown by Columbus et al. that ESR is a useful tool for 
identifying the backbone fluctuations at sites attached to highly flexible backbone 
segments (60). In addition, Columbus et al. did suggest that the spectral difference at 
two sites attached to different helices results from their backbone motion, thus the 
mobility of ordered backbone segments (e.g. helices) should be distinguished by ESR 
(34). To further verify this assumption that the mobility of two helices on a globular 
protein can be distinguished by ESR, we extended the study on sites 72 and 131 of 
T4L performed by Columbus et al. with X-band ESR (34) by continuing to study these 
two sites with multifrequency ESR and quantitative simulations. Site 72 is on a long 
5-turn rigid helix whereas site 131 is on a short 2.5-turn flexible helix. Also, compared 
to site 72, site 131 has higher Debye-Waller factors and hydrogen exchange rates, 
indicating larger amplitude backbone fluctuations (34). (3) The third type of motion is 
the modes of motion of the nitroxide tether. These modes are closely related to the 
environment that each site is exposed to at the tertiary level. The study of these modes 
can be very useful when a specific site (e.g. an active site) on a protein is studied for 
any change in spectral lineshape after binding to the substrate or inhibitor of this 
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protein, as well as when studying the solvent accessibility and the mobility of the side 
chain at consecutive sites so that the secondary structure can be identified based on the 
periodicity along the sequence.  
Recently, besides R1 (MTSSL), some newly developed spin labels have been 
used in order to suppress the side chain motion about its tether so that the contribution 
from the backbone motion is more clearly discerned. In this work, we studied a second 
spin label R2 (4-CH3-MTSSL; cf. Chapter 2). R2 is a more rigid spin label and has 
been suggested by Columbus et al. to be a better spin label for identifying the 
backbone fluctuations (34). 
Sucrose has been widely used as the viscogen in previous ESR studies to slow 
down the global tumbling of proteins smaller than 50 kD so that the global tumbling is 
reduced and only internal motion including the backbone fluctuations and the side 
chain isomerizations are observed. For example, T4L has been studied in 30% sucrose 
solution at X-band so that the global tumbling of T4L is mostly suppressed. It has 
been revealed recently that Ficoll is a better viscogen than sucrose, since the osmotic 
pressure in Ficoll solution is much lower than that in sucrose solution with comparable 
viscosities for slowing down the modest size proteins such as T4L (61). Thus, we used 
Ficoll as the viscogen and studied samples in Ficoll solutions (cf. Chapter 3): (1) to 
show that with the help of the multifrequency experiments and the SRLS-model 
simulations, there is no necessity for adding either sucrose or Ficoll into the solution 
for proteins smaller than 50 kD and the modest size proteins such as T4L can be 
studied in water solution; (2) to test whether the previous assumption that the internal 
motion will not be affected in viscous solution is strict. 
Finally, the reason for studying T4L in 65% sucrose solution (cf. Chapter 4) is: 
(1) We needed accurate values for magnetic tensor components; (2) We wanted to 
have an idea about the residual motion of the tether at lower temperatures. 
  20
 
1.11     INSTRUMENTS 
 
The home built high field (high frequency) spectrometers at 95, 170 and 240 
GHz have been developed by Freed and coworkers (62, 63). The high field 
spectrometers need superconducting magnets. The 170 and 240 GHz spectrometers 
use a common bridge and quasi-optics but different frequency sources and different 
resonator meshes. 
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CHAPTER 2 
 
APPLICATION OF MULTIFREQUENCY ELECTRON SPIN RESONANCE 
SPECTROSCOPY TO STUDY DYNAMICS OF T4 LYSOZYME IN WATER 
SOLUTION 
 
2.1      INTRODUCTION 
 
In this chapter, we report the utilization of the multifrequency ESR approach to 
study the dynamics of T4 lysozyme (T4L) in water solution. T4L is a globular protein 
composed of 164 amino acid residues with a molecular weight of 18700 daltons. Its 
crystal structure has been well determined, as well as many sites of T4L have been 
spin labeled and studied by ESR (10, 64, 65). The crystal structure of T4L is given in 
Figure 2-1. In the case of T4L, the slower dynamic mode, i.e. the global tumbling, is 
almost frozen at high frequency (e.g. 240 GHz), but affects the low frequency (~ 9 
GHz) spectra. In contrast, the faster dynamic modes, i.e. backbone fluctuations and 
side chain isomerizations, affect spectra at both low and high frequencies. To explore 
the dynamics of the spin label linked to T4L at two solvent exposed helical sites, 72 
and 131, we collected 57 multifrequency ESR spectra over a temperature range of 2 to 
32 oC in water solution. Compared to our previous two-frequency study on these two 
sites of T4L (28), we made the following improvements: (1) We extended the 
multifrequency study to four frequencies consisting of 9, 95, 170 and 240 GHz; (2) 
Great care was taken to ensure that the spectra taken at all four frequencies, 
necessarily on several spectrometers, were on the same sample and at the same 
temperature; (3) The newer and improved high frequency ESR spectrometers utilized 
in this study provided order-of-magnitude improvement in signal-to-noise over the  
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Figure 2-1.   Ribbon diagram of the crystal structure of T4 lysozyme. (Sites 72 and 
131 are identified as spheres.) The colors indicate the different domains (green for C-
terminal domain, purple for N-terminal domain) and the interdomain regions (blue). 
The helix in orange fluctuates with either the N- or C- terminal domain. 
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previous study and thereby enabled more reliable spectral fitting, especially with 
respect to distinguishing more than one spectral component; (4) An additional 
nitroxide spin label, R2 (4-methyl-MTSSL) with structure shown in Figure 2-2, was 
also used in order to constrain conformational transitions of the side–chain, so that 
contributions from any backbone fluctuations could be enhanced. We simulated these 
extensive experimental spectra with the SRLS model and very good fits were achieved 
to all the data. Analyzing the fitting parameters, in addition to comparing our results 
with previous studies, provided further insight into the various dynamic modes of T4L 
(10, 34, 37, 66, 67, 68).  
 
2.2       EXPERIMENTAL 
 
Four nitroxide labeled T4L mutants − 72R1, 131R1, 72R2, and 131R2, were 
prepared and purified according to methods previously described (10). The 
concentration of protein in each sample was between 1 and 2 mM. 
The 9 GHz ESR spectra were obtained on a commercial Bruker spectrometer 
at a frequency of 9.34 GHz. High field ESR spectra were obtained on home-built 
spectrometers. The microwave frequencies for the 95, 170, and 240 GHz 
spectrometers were calibrated, respectively, to be 95.00, 171.10, and 236.64 GHz. 
Great efforts were made to ensure that the multifrequency data collected on the 
different spectrometers were consistent. First, the same sample was used in 
experiments performed on spectrometers at all frequencies. 17-mm-diameter quartz 
coverslips (ESCO products) were used as sample holders. About 2 μl of sample was 
placed between a flat quartz coverslip and an etched quartz coverslip with a circular 
concavity in the middle. The diameter of the concavity to hold the sample is about 1 
cm. A thin layer of vacuum grease (Dow Corning) was applied on the edge to create a  
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Side Chain R1 (R2) 
 
X = H for R1 (MTSSL) 
X = CH3 for R2 (4-methyl-MTSSL) 
 
 
 
Figure 2-2.   Structure of the R1 (R2) side chain. 
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seal between the two coverslips. Such a sample holder was discussed in detail 
elsewhere (69). This same sample and sample-holder was utilized for all three high 
frequencies.  For most experiments performed at 9 GHz it was more convenient to use 
samples of identical solutions, but sealed in glass capillaries. However in these cases, 
we first compared the room temperature 9 GHz spectra of the sealed glass-capillary 
samples with those taken at 9 GHz with the quartz-plate samples utilized at high 
frequencies.  We confirmed that samples in these two types of sample holders yielded 
identical spectra. For the glass capillary samples, 5 μl of solution was placed in a 0.8 
mm i.d. capillary, which was then sealed with fast epoxy.  
The temperature at the sample was well calibrated on all spectrometers. In 
order to calibrate the temperature, for samples placed between quartz coverslips, a 
very thin copper-constantan thermocouple was incorporated into the aqueous sample 
through the vacuum grease; for the sample sealed in the glass capillary, a copper-
constantan thermocouple was placed outside the capillary in the airflow and very close 
to the sample. The accuracy of the temperature was within ± 1oC.   
To avoid lineshape distortion, when collecting data at all the frequencies, we 
paid special attention to ensure that (1) the modulation amplitude was low enough; (2) 
the time constant was small enough relative to the field sweep rate; (3) the microwave 
power was low enough to prevent saturation. The experimental parameters for the data 
collected at four frequencies are listed in Appendix. 
The phase of the experimental spectra at 95, 170, and 240 GHz was adjusted to 
correct for a small admixture of dispersion signal, according to the procedure 
described previously (70).   
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2.3       METHODS 
2.3.1   Multifrequency Fitting Using the Slowly Relaxing Local Structure (SRLS) 
Model  
Nonlinear least squares (NLLS) fits were performed to simulate the 
multifrequency spectra of the four samples listed in Table 2-1 at temperatures from 2 
to 32oC using the fitting program based on the SRLS model. Two dynamic modes of 
T4L, the global tumbling and the internal motion, are decomposed in the SRLS model. 
Rotational diffusion tensors for these two modes are represented respectively by Rc 
(global) and Ro (internal). The theoretical foundation for this model, the definitions of 
fitting parameters and the fitting procedures are described elsewhere (28). Fitting 
parameters, including rotational diffusion tensors Rc and Ro, potential coefficients (c20 
and c22), a structural parameter (βd), and the Lorentzian broadening W are obtained 
from the best fits. Spectra at different frequencies were fit simultaneously. That is, the 
same set of fitting parameters was used to fit the spectra at all four frequencies, except 
that W the residual width (taken as isotropic W) is allowed to be different at the 
different frequencies. The observed frequency dependence of W is likely due to local 
variations in aqueous polarity which affect the g and A tensors, with the role of the 
former increasing with frequency (6, 28, 68, 71, 72). 
Four coordinate frames are introduced for the simulation. The first is the 
magnetic tensor frame, in which the A and g tensors are defined. For most nitroxide 
spin labels, the three principal axes of the A tensor and the g tensor coincide (40, 41), 
and our rigid limit simulations at 9 and 170 GHz are consistent with this. Thus, the 
Euler angles between the A tensor frame and the g tensor frame were set to zero in all 
simulations. The x-axis is parallel to the N-O bond of the nitroxide and the z-axis is 
parallel to the pz orbital of the nitrogen. The second axis frame is the internal diffusion 
frame for the rotational motion of the spin labeled tether (including possible local  
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Table 2-1.   The nitroxide labeled T4 lysozyme samples for multifrequency ESR study 
in water solution 
 
 
Frequency (GHz)  
Sample 
No. 
 
Mutant 
Site 
Spin 
Label 
9 95 170 240 
1 72 R1 √ a √ √ √ 
2 131 R1 √ √ √ √ 
3 72 R2 √ √ √  
4 131 R2 √ √ √ √ 
 
 
a A √ indicates the ESR spectrum has been recorded. 
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backbone motions). The diffusion of the tether may be taken to be axially symmetric 
around the z-axis, a matter discussed further below. Thus, the rotational diffusion 
tensor components, Rox, Roy and Roz, become Rox = Roy = Ro┴
 and  Roz = Ro║. The three 
Euler angles (αd, βd and γd) that describe the transformation between the internal 
diffusion frame and the magnetic tensor frame (i.e. diffusion tilt angles), are related to 
the conformation of the nitroxide labeled tether (73, 74). Among the three diffusion tilt 
angles, βd is the angle between the main (z) axis of the internal diffusion frame and the 
z-axis of the magnetic tensor frame, and is used as a fitting parameter. Given the 
assumed axial symmetry of Ro, αd = 0, and γd is set to zero for convenience (28).  
The orienting potential for the diffusion of the tether is referred to the third 
axis system, the internal director frame, which is taken as axially-symmetric for 
convenience. The reorientation of the spin labeled tether is restricted by interaction 
with its local neighborhood, and the tether tends to align itself into the direction of 
minimum potential energy. The principal axes of alignment of the spin labeled tether 
are taken as coincident with the internal diffusion frame, again for convenience. The 
degree of restriction of the local motion is characterized by the order parameter S20, 
and S22 measures the asymmetry of this ordering (i.e. its non-axiality). S20 and S22 are 
obtained from the coefficients (c20 and c22) in the expansion of the local potential 
energy function. The fourth coordinate frame is for the tumbling of the protein and is 
defined as the global diffusion frame. The tumbling of T4L is assumed to be isotropic 
and there is no orienting potential for the tumbling. The assumption of isotropic Rc has 
been found in a NMR study on T4L (59, 75). 
 
2.3.2    Global Nonlinear Least Squares (NLLS) Fitting 
In the fitting program, most of the fitting parameters are obtained from the 
global NLLS fits to the series of spectra obtained at multiple frequencies. The fitting 
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parameters are varied until the sum of the differences between the best fits and the 
experiments at the various frequencies is minimized. The quality of the global fits is 
estimated by the reduced χ2, which is calculated by (28) 
 
frequency data
NLLS
2
2
2
1 1total parameter
(data simulation )1 [ ]
N N
i i
j
j i
χ
N N σ= =
−= − ∑ ∑  
(1) 
where Ndata is the number of data points in a spectrum, Ntotal is the total number of data 
points of all frequencies, Nparameter is the total number of fitting parameters. In this 
equation, σ is the standard deviation of the spectral noise, which is assumed to be 
constant throughout a spectrum but can be different for spectra at the different 
frequencies (73). σ is obtained from the variance of a linear fit to the two baseline 
segments at either end of the spectrum that comprise 4%, 6%, 8%, or 6% of the sweep 
width respectively of the spectrum obtained at 9, 95, 170, or 240 GHz (73). In a global 
NLLS fitting, it is desirable that contributions to the reduced χ2 from the spectral fits at 
each frequency should be weighted equally. For this purpose, first, a preliminary 
fitting to the multifrequency spectra was performed and the experimental data set was 
fit approximately with a set of fitting parameters. Then, some normally distributed 
noise was added at either end of the spectrum to adjust σ, so that the contributions to 
the reduced χ2 from the preliminary fits at all frequencies are the same, before the final 
fitting. This guarantees that the spectra for the different frequencies are equally 
weighted in the fitting. 
 
2.3.3   Global Linear Least Squares (LLS) Fitting 
The presence of more than one component, i.e. two or three components, is 
allowed in the NLLS fitting. Unlike other fitting parameters, the relative population of 
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each component in the multi-component fitting is a parameter sought by LLS, and thus, 
cannot be preset to an initial value, but is determined at each iterative stage (73). The 
linear least squares fit minimizes the sum of squares of the residuals 
 
component9 GHz
1
(data spc *population )
N
i ik k j
kj
σ
σ =− ∑   ,  
( i = 1 to Ndata  and  j = 1 to Nfrequency )                                                                            
(2) 
where Ncomponent is the number of components, and spc is the simulated spectrum of the 
kth component. We introduce the same weighting factor (1/σ2) in the LLS fitting as in 
the NLLS fitting, so that all frequency spectra are equally weighted in the LLS process 
for estimating the relative population of each component. The original SRLS program 
was modified (cf. the modified subroutine in Appendix) by introducing σ 9 GHz / σ j in 
Equation (2), which is tabularized in Appendix. Generally, the population of a given 
component from the global fits to the multifrequency dataset is within 5% from the 
average population of this component from a group of single-frequency fits.  
Overall, by using good weighting factors for both NLLS and LLS 
minimization, in a global analysis, spectra at various frequencies can be regarded as 
approximately equally important when searching for the best fit parameters. 
 
2.4    RESULTS 
 
2.4.1    Summary 
The experimental data and the best fits to spectra of the four mutants in water 
solution (samples 1 to 4 in Table 2-1) collected at 2, 12, 22, and 32oC are displayed in 
Figure 2-3 and the best fit parameters are listed in Table 2-2. The diffusion tilt angle  
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Figure 2-3. 
The multifrequency ESR spectra of 72R1, 131R1, 72R2, and 131R2 recorded in water 
solution at 2, 12, 22, and 32 oC; experimental data (solid line), simulations (dashed 
line). 
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Table 2-2.    
Best fit parameters of nitroxide labeled T4 lysozyme in water solution 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
37
  
M
ut
an
t 
T (o C
) 
C
om
p.
 
Ro
┴
 
( 1
07
 s-
1 
) 
Ro
║
 
( 1
07
 s-
1 
) 
c 2
0 
c 2
2 
S 2
0 
S 2
2 
Po
pu
. 
Rc
 
( 1
07
 s-
1 
) 
W
9 
(G
) 
W
95
 
(G
) 
W
17
0 
(G
) 
W
24
0 
(G
) 
2 
1 
3.
98
 
2.
88
 
3.
30
 
0.
05
 
0.
64
 
0.
00
 
0.
32
 
0.
68
 
0.
73
 
1.
02
 
1.
92
 
1.
47
 
 
2 
40
.7
 
0.
16
 
3.
49
 
-1
.8
6 
0.
59
 
-0
.1
6 
0.
38
 
 
 
 
 
 
 
3 
49
.0
 
0.
42
 
3.
21
 
-2
.7
3 
0.
43
 
-0
.3
1 
0.
30
 
 
 
 
 
 
12
 
1 
5.
62
 
3.
47
 
3.
30
 
0.
18
 
0.
64
 
0.
01
 
0.
22
 
1.
00
 
0.
76
 
1.
50
 
1.
30
 
1.
56
 
 
2 
44
.7
 
0.
20
 
3.
37
 
-1
.7
5 
0.
58
 
-0
.1
5 
0.
44
 
 
 
 
 
 
 
3 
57
.5
 
0.
50
 
2.
79
 
-1
.9
8 
0.
45
 
-0
.2
5 
0.
34
 
 
 
 
 
 
22
 
1 
7.
08
 
4.
07
 
3.
22
 
0.
25
 
0.
63
 
0.
02
 
0.
09
 
1.
29
 
0.
75
 
1.
38
 
1.
12
 
1.
25
 
 
2 
49
.0
 
0.
19
 
3.
31
 
-1
.6
7 
0.
58
 
-0
.1
5 
0.
48
 
 
 
 
 
 
 
3 
63
.1
 
0.
63
 
2.
62
 
-1
.6
6 
0.
45
 
-0
.2
2 
0.
43
 
 
 
 
 
 
32
 
2 
   
 5
7.
5 
0.
22
 
3.
24
 
-1
.6
6 
  0
.5
7 
-0
.1
6 
0.
50
 
1.
62
 
0.
79
 
1.
32
 
1.
94
 
0.
88
 
72
 
R
1 
 
3 
67
.6
 
0.
79
 
2.
30
 
-1
.3
0 
0.
43
 
-0
.2
0 
0.
50
 
 
 
 
 
 
2 
1 
3.
47
 
5.
01
 
3.
00
 
-0
.1
6 
0.
60
 
-0
.0
2 
0.
16
 
0.
81
 
0.
92
 
2.
52
 
3.
29
 
3.
89
 
 
2 
47
.9
 
1.
66
 
2.
85
 
-1
.6
4 
0.
50
 
-0
.1
9 
0.
54
 
 
 
 
 
 
 
3 
37
.2
 
0.
63
 
1.
31
 
1.
34
 
0.
20
 
0.
32
 
0.
30
 
 
 
 
 
 
12
 
1 
4.
07
 
5.
89
 
3.
00
 
-0
.1
1 
0.
60
 
-0
.0
1 
0.
14
 
1.
29
 
0.
86
 
2.
16
 
2.
61
 
2.
37
 
 
2 
52
.5
 
2.
34
 
2.
56
 
-1
.5
5 
0.
45
 
-0
.2
1 
0.
59
 
 
 
 
 
 
 
3 
43
.7
 
0.
98
 
1.
28
 
1.
14
 
0.
21
 
0.
28
 
0.
27
 
 
 
 
 
 
22
 
1 
4.
79
 
5.
01
 
2.
85
 
-0
.0
3 
0.
58
 
  0
.0
0 
0.
06
 
1.
51
 
0.
79
 
1.
82
 
3.
87
 
1.
94
 
 
2 
58
.9
 
1.
74
 
2.
37
 
-1
.2
3 
0.
45
 
-0
.1
8 
0.
64
 
 
 
 
 
 
 
3 
56
.2
 
0.
85
 
1.
29
 
0.
79
 
0.
25
 
0.
19
 
0.
30
 
 
 
 
 
 
32
 
2 
63
.1
 
2.
40
 
2.
21
 
-0
.9
8 
0.
44
 
-0
.1
5 
0.
61
 
1.
91
 
0.
81
 
2.
30
 
3.
99
 
4.
87
 
13
1 
R
1 
 
3 
60
.3
 
1.
07
 
1.
24
 
0.
77
 
0.
24
 
0.
19
 
0.
39
 
 
 
 
 
 
  
38
Ta
bl
e 
2-
2 
(C
on
tin
ue
d)
 
  
2 
1 
4.
27
 
3.
89
 
3.
41
 
-0
.0
9 
0.
65
 
-0
.0
1 
0.
73
 
0.
69
 
0.
60
 
0.
19
 
1.
88
 
 
 
2 
33
.1
 
2.
14
 
2.
91
 
-0
.8
7 
0.
57
 
-0
.0
9 
0.
27
 
 
 
 
 
 
12
 
1 
5.
62
 
5.
13
 
3.
40
 
-0
.0
8 
0.
65
 
-0
.0
1 
0.
61
 
1.
02
 
0.
57
 
1.
11
 
1.
67
 
 
 
2 
39
.8
 
2.
51
 
2.
94
 
-0
.6
6 
  0
.5
8 
-0
.0
7 
0.
39
 
 
 
 
 
 
22
 
1 
8.
71
 
6.
03
 
3.
40
 
0.
02
 
0.
65
 
0.
00
 
0.
51
 
1.
29
 
0.
60
 
0.
34
 
1.
30
 
 
 
2 
46
.8
 
4.
57
 
2.
96
 
-0
.7
9 
0.
58
 
-0
.0
8 
0.
49
 
 
 
 
 
 
32
 
1 
11
.7
 
8.
13
 
3.
30
 
-0
.2
7 
0.
64
 
-0
.0
2 
0.
45
 
1.
78
 
0.
55
 
0.
36
 
0.
93
 
 
72
 
R
2  
 
2 
51
.3
 
6.
03
 
2.
91
 
-0
.6
4 
  0
.5
8 
-0
.0
7 
0.
55
 
 
 
 
 
 
2 
1 
9.
12
 
1.
66
 
3.
73
 
-0
.7
4 
0.
68
 
-0
.0
5 
0.
56
 
0.
68
 
0.
76
 
1.
55
 
3.
22
 
3.
67
 
 
2 
42
.7
 
3.
02
 
2.
81
 
0.
43
 
0.
57
 
0.
05
 
0.
44
 
 
 
 
 
 
12
 
1 
11
.0
 
1.
86
 
3.
70
 
-0
.9
1 
0.
67
 
-0
.0
6 
0.
44
 
0.
98
 
0.
68
 
1.
49
 
2.
38
 
3.
95
 
 
2 
50
.1
 
3.
89
 
2.
80
 
0.
44
 
0.
57
 
0.
05
 
0.
56
 
 
 
 
 
 
22
 
1 
12
.9
 
2.
45
 
3.
65
 
-1
.2
3 
0.
65
 
-0
.0
9 
0.
37
 
1.
23
 
0.
68
 
1.
67
 
1.
96
 
3.
77
 
 
2 
60
.3
 
6.
31
 
2.
75
 
0.
51
 
0.
56
 
0.
06
 
0.
63
 
 
 
 
 
 
32
 
1 
15
.8
 
6.
76
 
3.
60
 
-0
.7
6 
0.
66
 
-0
.0
5 
0.
35
 
1.
78
 
0.
58
 
1.
17
 
2.
98
 
3.
30
 
13
1 
R
2 
 
2 
69
.2
 
7.
41
 
2.
75
 
0.
77
 
0.
55
 
0.
09
 
0.
65
 
 
 
 
 
 
  
Es
tim
at
ed
 e
rr
or
s:
  R
o ┴
 ≤
 7
%
, R
o ║
 ≤
 1
7%
; c
20
 ≤
 5
%
; S
20
 ≤
 (±
0.
02
), 
S 2
2 ≤
 (±
0.
05
); 
Po
pu
 ≤
 (±
0.
05
); 
Rc
 ≤
 7
%
. 
  39
Table 2-3.   The best fit diffusion tilt angle (βd) 
 
 
Mutant βd (o) 
72 R1 21 
131 R1 20 
72 R2 30 
131 R2 35 
 
(βd) for each mutant was set to the value listed in Table 2-3 after having been 
determined as described below. As shown in Figure 2-3, very good agreement is 
obtained between the experimental data and the simulations. We first summarize the 
main features revealed from the fitting. For R1, three components with different 
dynamic and ordering parameters for the internal motion are present in most cases. 
Based on their mobilities, they are referred to as the (relatively) “immobile 
component”, the “intermediate component”, and the (relatively) “mobile component”, 
which respectively correspond to components 1, 2, and 3 in Table 2-2. The “immobile 
component” has almost isotropic rotational local diffusion with Ro┴ close to R
o
║. This 
component is characterized by having a higher ordering and a much slower Ro┴ when 
compared to the other two components. Unlike the immobile component, the local 
rotational diffusion of the intermediate and the mobile components is highly 
anisotropic, with Ro┴ more than an order of magnitude larger than R
o
║. The values of 
Ro┴  in these two components are about 7 to 14 times those in the immobile component. 
The mobile component, as compared to the intermediate component, has comparable 
rotational diffusion rates but much lower ordering.  
For R2, the spectra were satisfactorily fit to the superposition of two spectral 
components. The mobilities of these two components are comparable to those of the 
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immobile and the intermediate components of R1. Thus, for consistency, the two 
components of R2 are also referred to as the “immobile component” and the 
“intermediate component”. For the intermediate component of R2, Ro┴ is about an 
order of magnitude larger than Ro║, and the values of Ro┴ are about 4 to 8 times those 
in the immobile component. For all the components of R1 and R2, S20 remains almost 
constant over the whole temperature range. (This is consistent with the previous 9 
GHz results obtained by Columbus et al. (34). In their study in 30% sucrose solution 
at various temperatures, S20 was however fixed in all simulations and only the 
rotational diffusion rates were varied using the MOMD model.) The immobile spectral 
components of the four mutants have similar lineshapes, whereas the mobilities of the 
intermediate and the mobile components are mutant-dependent. The best fit results for 
the four mutants are described in detail below. 
 
2.4.2 Temperature Dependence of the Internal Motion 
 
2.4.2.1  Simulations of spectra of 72R1 
The variation of Ro┴, S20 and the fractions of the three components with 
temperature for 72R1 are displayed in subplots 1a through 1c of Figure 2-4. At 2oC, 
the fractions of the three components are comparable. As the temperature increases, 
the fraction of the immobile component decreases from 32% at 2oC to 0% at 32oC, so 
that the fractions of the intermediate and the mobile components increase with 
increasing temperature. Thus at 32oC, the spectrum is composed of just two 
components with the same population. The immobile component, characterized by the 
three peaks in the gzz region of the high field spectra, can be observed in the 
experimental spectra at 95, 170, and 240 GHz, when the temperature is below 22oC. 
However, it cannot be observed by eye in the experimental 9 GHz spectra even at 2oC.  
  41
 
 
 
 
 
 
 
Figure 2-4.   The best fit parameters of Ro┴, S20, and the relative populations vs 
temperature from analysis of spectra recorded in water solution (with error bars added); 
the immobile component (solid line), the intermediate component (dashed line), the 
mobile component (dotted line). 
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As shown in Figure 2-4, for the immobile component Ro┴ increases from 4.0*10
7 s-1 at 
2oC to 7.1*107 s-1 at 22oC. Ro┴ ranges from 4.1*10
8 s-1 at 2oC to 5.8*108 s-1 at 32oC in 
the intermediate component, and from 4.9*108 s-1 at 2oC to 6.8*108 s-1 at 32oC in the 
mobile component. The values of Ro┴ for the intermediate and mobile components are 
comparable, with that for the former case somewhat smaller at the corresponding 
temperature. However, Ro┴ for the immobile component is nearly an order of 
magnitude smaller than for either of the other two components. The values of S20 
remain almost constant with temperature at 0.64, 0.58, and 0.44, respectively in the 
immobile, the intermediate, and the mobile components. The values of S22 for the 
immobile component are very close to zero, indicative of the axial symmetry of the 
ordering, whereas the values of S22 in the intermediate and the mobile components are 
negative (-0.31 ~ -0.15), the implications of which are noted in the next sub-section. 
 
2.4.2.2  Simulations of spectra of 131R1 
Variations of Ro┴, S20, and the populations of the three components with 
temperature for 131R1 are displayed in subplots 2a through 2c of Figure 2-4. Over the 
whole temperature range, the intermediate component is the most abundant, with a 
fraction larger than 50%. As the temperature increases, the fraction of the immobile 
component decreases from 16% at 2oC to 0% at 32oC, whereas those of the 
intermediate and the mobile components increase. Thus at 32oC, the immobile 
component finally disappears with the spectrum being composed of just two 
components. For the immobile component, the value of Ro┴, varying from 3.5*10
7 s-1 
at 2oC to 4.8*107 s-1 at 22oC, is somewhat smaller than that for 72R1 at the 
corresponding temperature. Ro┴ ranges from 4.8*10
8 s-1 at 2oC to 6.3*108 s-1 at 32oC 
for the intermediate component, and ranges from 3.7*108 s-1 at 2oC to 6.0*108 s-1 at 
32oC for the mobile component. Unlike 72R1, the value of Ro┴ of 131R1 for the 
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intermediate component is larger than that for the mobile component at the 
corresponding temperature. The values of S20 remain almost constant at 0.59, 0.46, and 
0.23, respectively for the immobile, the intermediate, and the mobile components. 
These order parameters of 131R1 for the three components are all lower than those of 
72R1, especially for the intermediate and the mobile components. The values of S22 in 
the immobile component are very close to zero, whereas the values of S22 in the 
intermediate and the mobile components are respectively negative (-0.21 to -0.15) and 
positive (0.19 to 0.32). [Note  
( )22 23 xx yyS S S= −  
indicating a switch in the non-axial preference in ordering from y to x.] 
Columbus et al. (34) fit (by MOMD), using just a single component, the 9 GHz 
spectra of 72R1 and 131R1 with the same rotational diffusion rates but different order 
parameters. Our results show that the population distributions as well as the rotational 
diffusion rates at site 72 and site 131 are somewhat different. But, the difference in 
lineshapes at these two sites is still found to be primarily from the difference in 
ordering. 
 
2.4.2.3  Simulations of spectra of 72R2 
Variations of Ro┴, S20, and the populations of the two components with 
temperature for 72R2 are displayed in subplots 3a through 3c of Figure 2-4. The 
immobile component is the dominant component with a percentage larger than 60% 
when the temperature is below 22oC, whereas it is approximately equal in percentage 
to the intermediate component when the temperature is at or above 22oC. The 
immobile component decreases by about 9% when the temperature increases by 10oC 
from 2 to 32oC. For this component, the value of Ro┴, varying from 4.3*10
7 s-1 at 2oC 
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to 1.2*108 s-1 at 32oC, is slightly larger than that of 72R1 at the corresponding 
temperature. The value of Ro┴ ranges from 3.3*10
8 s-1 at 2oC to 5.1*108 s-1 at 32oC in 
the intermediate component, which is smaller than that of 72R1. The values of S20 
remain nearly unchanged at 0.65 and 0.58, respectively in the immobile and the 
intermediate components. These order parameters of 72R2 are almost the same as 
those of 72R1 for the corresponding components. The values of S22 in the two 
components are close to zero, indicative of axial symmetry. 
Based on the fitting results, 72R1 and 72R2 have substantially different 
population distributions. The immobile component of 72R2 is about 40% greater than 
that of 72R1 at the corresponding temperature, as will be discussed in Discussion. 
 
2.4.2.4  Simulations of spectra of 131R2 
Variations of Ro┴, S20, and the populations of the two components with 
temperature for 131R2 are displayed in subplots 4a through 4c of Figure 2-4. The 
immobile and the intermediate components are evenly distributed when the 
temperature is below 22oC. When the temperature increases up to 22oC, the 
intermediate component becomes more abundant with a percentage greater than 60%. 
The population of the immobile component decreases about 7% for every 10oC 
increase. Ro┴ increases from 9.1*10
7 s-1 at 2oC to 1.6*108 s-1 at 32oC in the immobile 
component, and increases from 4.3*108 s-1 at 2oC to 6.9*108 s-1 at 32oC in the 
intermediate component. The values of S20 remain nearly unchanged with temperature 
at 0.66 and 0.56, respectively in the immobile and the intermediate components. The 
values of S22 in the two components are close to zero. 
Unlike for the case of R1, where the mobilities of the intermediate and the 
mobile components at site 72 differ from those at site 131 mostly in their ordering, 
72R2 and 131R2 have similar S20 for the intermediate component (0.58 at site 72 vs 
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0.56 at site 131). Compared to 72R2, the intermediate component of 131R2 has faster 
Ro┴ and is about 15% more abundant. 
The higher ordering of 131R2 in the intermediate component compared to that 
of 131R1 in either the intermediate or the mobile component can be explained by a 
steric clash of the 4-methyl group with the disulfide bond as suggested by Columbus 
et al. (cf. Discussion Section) (34). With regard to the population distribution, the 
comparison between 131R1 and 131R2 is similar to that between 72R1 and 72R2. 
131R2 has about 35% higher percentage of immobile component than does 131R1. 
 
2.4.3    Three Components for R1 and Two Components for R2 
 
2.4.3.1  72R1 
We found that the multifrequency spectra of 72R1 recorded at either 2 or 12oC 
could not be simultaneously fit with just one or two components using the same set of 
fitting parameters. Liang et al. (28) succeeded in fitting these spectra with two 
components using the same set of fitting parameters, but they required the populations 
of the two components to be different in the fitting of spectra at different frequencies; 
they were not able to adequately justify this. The improved S/N, and the fact that four 
frequencies were used, enabled us to distinguish that in addition to the two 
components found in the study by Liang et al. (28), a slow motional component (i.e. 
the “immobile component”) was discerned in our study. The three peaks 
corresponding to the immobile component can be observed by eye in the gzz region of 
the high field spectra (see Figure 2-5A) with the help of the sensitivity improvement 
of the spectrometers, whereas these peaks could not be resolved in the previously 
published 250 GHz spectra.  
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In fact, some preliminary analyses were performed with two components 
present in the fitting: an immobile component and a relatively mobile component (the 
parameters for the two component fits to the multifrequency spectra of 72R1 recorded 
at 2oC are listed in Table 2-4). However, satisfactory fits cannot be achieved at all 
frequencies: (1) Two small outer peaks, which are not present in the experimental data, 
appear in the simulated 9 GHz spectrum (see Figure 2-5B); (2) The fit to the 240 GHz 
spectrum is very poor (see Figure 2-5B). To merge the two outer peaks in the 
simulated 9 GHz spectrum, we tried to increase the linewidth or vary Rc in the fitting 
process, and neither attempt was helpful. The possibility of conformational exchange 
between the two components was suggested by Liang et al. (28) to address the 
problem that spectra at 9 GHz and at 250 GHz could not be fitted simultaneously 
when two components exist. To fit the multifrequency spectra of 72R1 at 2oC, we 
tested this idea using a version of SRLS allowing for such exchange, and it was found 
that the two outer peaks that appear in the simulated 9 GHz spectrum, but which are 
not observed in the experimental data, were merged when the conformational 
exchange rate is increased to 6.3*107 s-1 (see Figure 2-5C). However, this exchange 
rate is too slow on the 240 GHz ESR time scale, so that the fit to the 240 GHz 
spectrum cannot be improved (see Figure 2-5D) and is still poor. Consequently, the 
multifrequency spectra of 72R1 at lower temperatures, i.e. 2 or 12oC, could not be 
simultaneously fit with two components even with conformational exchange included 
in the simulation.  
In the present study, we allowed the presence of a third component in the 
simulations. We found consistently that the introduction of another relatively mobile 
component as the third component leads to good fits at all frequencies. Thus, for 
example, the two outer peaks in the simulated 9 GHz spectra are merged when three 
components with different mobilities exist (see Figure 2-5E). In all, the presence of  
  
47
Ta
bl
e 
2-
4.
   
Th
e 
pa
ra
m
et
er
s 
fo
r t
he
 tw
o 
co
m
po
ne
nt
 fi
ts
 to
 th
e 
m
ul
tif
re
qu
en
cy
 s
pe
ct
ra
 o
f 7
2R
1 
an
d 
13
1R
1 
re
co
rd
ed
 a
t 2
o C
, a
nd
 fo
r 
th
e 
si
ng
le
 c
om
po
ne
nt
 fi
ts
 to
 th
e 
m
ul
tif
re
qu
en
cy
 sp
ec
tra
 o
f 7
2R
2 
an
d 
13
1R
2 
re
co
rd
ed
 a
t 2
o C
 
   
M
ut
an
t 
C
om
p.
 
Ro
┴
 
( 1
07
 s-
1 
) 
Ro
║
 
( 1
07
 s-
1 
) 
c 2
0 
c 2
2 
S 2
0 
S 2
2 
Po
pu
. 
Rc
 
( 1
07
 s-
1 
) 
W
9 
(G
) 
W
95
 
(G
) 
W
17
0 
(G
) 
W
24
0 
(G
) 
im
m
ob
ile
 
3.
31
 
3.
47
 
3.
23
 
-0
.0
9 
0.
63
 
-0
.0
1 
66
 
0.
66
 
0.
87
 
1.
55
 
2.
71
 
1.
90
 
72
R
1 
m
ob
ile
 
33
.9
 
0.
09
 
2.
45
 
-1
.1
5 
0.
47
 
-0
.1
6 
34
 
 
 
 
 
 
im
m
ob
ile
 
6.
03
 
4.
79
 
3.
00
 
-0
.1
3 
0.
60
 
-0
.0
1 
32
 
0.
81
 
0.
88
 
1.
84
 
3.
54
 
3.
90
 
13
1R
1 
m
ob
ile
 
33
.9
 
0.
10
 
1.
50
 
0.
04
 
0.
33
 
0.
01
 
68
 
 
 
 
 
 
72
R
2 
si
ng
le
 
4.
79
 
4.
37
 
2.
69
 
0.
94
 
0.
53
 
0.
11
 
10
0 
0.
69
 
0.
22
 
0.
09
 
2.
90
 
 
13
1R
2 
si
ng
le
 
7.
24
 
6.
17
 
3.
88
 
2.
91
 
0.
54
 
0.
24
 
10
0 
0.
68
 
0.
10
 
0.
48
 
4.
06
 
5.
29
 
  
  48
 
 
 
Figure 2-5. 
 
A:  The 9 and 240 GHz experimental data of 72R1 recorded at 2 oC. The dashed 
rectangle shows the immobile component features that can be observed by eyes in 
the 240 GHz spectrum, but not in the 9 GHz spectrum. 
 
B:   The two component fits to the 9 and 240 GHz spectra of 72R1 recorded at 2 oC; 
experimental data (solid line), simulations (dashed line). The arrows point to the 
two outer peaks present in the two component fit but not in the experimental data. 
These two outer peaks are merged when the two components exchange with a rate 
of  6.3*107 s-1 (C). 
 
D:   The two component fits to the 9, 95, 170, and 240 GHz spectra of 72R1 recorded 
at 2 oC; no exchange (black line), with exchange (red line). 
 
E:  The three component fit to the 9 GHz spectrum of 72R1 recorded at 2 oC; 
experimental data (solid line), simulation (dashed line). The outer peaks are not 
present in the three component fit. 
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three components makes it possible to fit spectra at all frequencies with the same set of 
fitting parameters including the relative populations of the components.  
For 72R1 at higher temperatures, i.e. 22 and 37.5oC, Liang et al. succeeded in 
fitting the 9 and 250 GHz spectra simultaneously with a single component using the 
same set of parameters (28).  Indeed, we do find that at higher temperature, e.g. 32oC, 
the multifrequency spectra of 72R1 can be fit with a single component. However, to 
be consistent with the lower temperature 2oC fitting results, we initialized the 
simulation of 32oC spectra with three components and allowed the fitting process to 
determine if they are required; indeed, it discarded the immobile component. As noted 
in Barnes et al. (6), the 2oC spectra should be more informative than the 32oC spectra 
since the latter are more motionally narrowed. This makes the challenge of fitting 
spectra at lower temperatures a priority. 
 
2.4.3.2  131R1 
Liang et al. previously fit the spectra of 131R1 at 9 and 250 GHz with two 
components for temperatures at or below 22oC, and with just one component for 
temperatures above room temperature, i.e. 37.5oC (28). They found that, at lower 
temperatures, the spectra at these two frequencies could be fit simultaneously using 
the same set of fitting parameters except that different relative populations of the two 
components were required. Similar to 72R1, the spectral features corresponding to an 
immobile component can be observed in the high field spectra of 131R1 but cannot be 
resolved in the 9 GHz spectrum (see Figure 2-6A). We tried to simulate the spectra of 
131R1 at 2oC with two components: an immobile component and a relatively mobile 
component (the parameters for the two component fits to the multifrequency spectra of 
131R1 recorded at 2oC are listed in Table 2-4). Similar to the two component fitting 
for 72R1, two small outer peaks are present in the simulated 9 GHz spectrum but not 
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in the experimental data (see Figure 2-6B), and the gzz region of the 240 GHz spectrum 
cannot be well fit (see Figure 2-6B). Moreover, the spectral features in the central 
region of the 95 GHz spectrum cannot be reproduced (see Figure 2-6B). Consequently, 
a third component was found to be necessary to reproduce the spectral features at all 
frequencies. This third component corresponds to the most mobile component 
amongst the three (see Figure 2-6C showing this component in the 95 GHz simulation). 
It also led to the same populations of the components for all four frequencies. 
 
2.4.3.3  72R2 
The 170 GHz spectrum of 72R2 recorded at 2 or 12oC cannot be satisfactorily 
fit with only a single component since the spectral features in the gzz region cannot be 
well reproduced by just a single component (see Figure 2-7). However, the 9 and 95 
GHz spectra can be well fit at these temperatures with a single component. In order to 
reproduce the spectral features at all frequencies, a second component was allowed in 
the fitting. The parameters for the single component fits to the multifrequency spectra 
of 72R2 recorded at 2oC are listed in Table 2-4. 
 
2.4.3.4  131R2 
As for 72R2 at lower temperatures (i.e. 2 and 12oC) only the 9 and 95 GHz 
spectra of 131R2 can be well fit with a single component, whereas the 170 and 240 
GHz spectra cannot be satisfactorily fit since the spectral features in the gzz region 
cannot be well reproduced by just a single component (see Figure 2-8). Thus, a second 
component was again added in the fitting. [Columbus et al. showed in a previous 
paper that the 9 GHz spectra of 131R2 in 30% sucrose solution cannot be well fit with 
a single component using the MOMD model (34).] The parameters for the single 
component fits to the spectra of 131R2 recorded at 2oC are listed in Table 2-4. 
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Figure 2-6. 
 
A:  The 9 and 240 GHz experimental data of 131R1 recorded at 2 oC. The dashed 
rectangle shows the immobile component features that can be observed by eyes in 
the 240 GHz spectrum, but not in the 9 GHz spectrum. 
 
B:   The two component fits to the 9, 95 and 240 GHz spectra of 131R1 recorded at 2 
oC; experimental data (solid line), simulations (dashed line). The arrows 
respectively point to the two outer peaks present in the two component fit but not 
in the experimental data at 9 GHz, the poor fit to the central region of the 95 GHz 
spectrum, and the poor fit to the gzz region of the 240 GHz spectrum. 
 
C:  The three component fit to the 95 GHz spectrum of 131R1 recorded at 2 oC; 
experimental data (solid line), simulation (dashed line). The fit to the central 
region is improved by the addition of the third component (i.e. the mobile 
component). 
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Figure 2-6 (Continued)  
  
 
B. 
 
 
 
 
C. 
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Figure 2-7.   The single component fit to the 170 GHz spectrum of 72R2 recorded at 2 
oC; experimental data (solid line), simulation (dashed line). The arrow points to the gzz 
region that is not well fit. 
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Figure 2-8.   The single component fits to the 170 and 240 GHz spectra of 131R2 
recorded at 2 oC; experimental data (solid line), simulations (dashed line). The arrow 
points to the gzz region that is not well fit. 
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2.4.4    Temperature Dependence of Rc 
The temperature dependence of Rc found for the four mutants in aqueous 
solution is shown in Figure 2-9. Values obtained for Rc for the four mutants are very 
close with the exception of 131R1, which is about 20% greater. The average of the 
values for the four mutants and the standard deviations are given in Table 2-5. Also in 
this table the average Rc  is compared to the value determined by NMR (59) as well as 
to the diffusion tensor Do estimated from a hydrodynamic model on the basis of the 
crystal structure of T4L (67), at 10oC and 25°C respectively. These values were 
extrapolated to 2, 12, 22, and 32oC using the Stokes-Einstein relation. The values for 
the average Rc are about 10% below the mean Do=(2 Do,┴ + Do,║)/3, and are about 15% 
greater than the NMR estimate. These small differences may arise in part from the 
neglect of the small asymmetry in Rc in the experimental analyses. Note that whereas 
Rc is varied in the fitting process, it can be fixed to the average value in Table 2-5 and 
still good fits can be obtained.  
 
2.4.5    Diffusion Tilt Angle (βd) 
The diffusion tilt angle (βd), as noted in Methods, is related to the conformation 
of the nitroxide labeled tether. In a previous study on the analysis of the 9 GHz ESR 
spectra of R1 labeled mutants at solvent exposed sites of T4L, the best fit βd was found 
to be 36o (34). In our work, the best fit βd was determined by fitting the most 
challenging multifrequency spectra which are those at 2°C. [A few checks at 22°C 
indicated there was not much temperature dependence of βd.] For each mutant, we 
performed separate fits to the multifrequency spectra recorded at 2oC in water solution 
with βd fixed to a series of values in the range of 0 to 40o. Variations of the reduced χ2 
with βd are plotted in Figure 2-10. Variations of the reduced χ2 (i.e. the sum of χ2 at all 
frequencies) and χ2 at each frequency are tabularized in Table 2-6.  
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Table 2-5.   Comparison of the global tumbling rates of T4 lysozyme from the 
multifrequency ESR fits, from the NMR estimate, and from the hydrodynamic model 
calculation 
 
 
T 
( oC ) 
Average 
Rc a 
( 107 s-1 ) 
Standard 
Deviation 
( 107 s-1 ) 
NMR b 
( 107 s-1 ) 
D0,┴ c 
( 107 s-1 ) 
D0,║ c 
( 107 s-1 ) 
2 0.72 0.06 0.63 0.93 0.59 
12 1.07 0.13 0.89 1.31 0.83 
22 1.33 0.11 1.19 1.75 1.11 
32 1.77 0.10 1.54 2.26 1.43 
 
 
a  Average Rc = (Rc of 72R1 + Rc of 131R1 + Rc of 72R2 + Rc of 131R2)/4 (see Table 
2-2 for Rc of 72R1, 131R1, 72R2, and 131R2). 
 
b Calculated from the NMR result at 10oC extrapolated using the Stokes-Einstein 
relation. 
 
c Calculated from D0,┴ and D0,║ at 25 oC (from Table 1 in Reference 67) extrapolated 
using the Stokes-Einstein relation. 
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Table 2-6.    
Variations of the reduced χ2 (i.e. the sum of χ2 at all frequencies) and χ2 at each 
frequency with βd from the best fits to the multifrequency spectra recorded at 2oC in 
water solution 
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72 R1 at 2 oC 
 
 
 
βd (o) 0 15 20 21 25 30 
χ2 * 237 245 240 236 252 282 
χ2  9 GHz 51 57 51 52 48 35 
χ2  95 GHz 63 62 50 46 46 33 
χ2  170 GHz 45 41 36 38 51 76 
χ2  240 GHz 78 85 102 100 107 138 
 
 
 
 
 
 
131 R1 at 2 oC 
 
 
 
βd (o) 0 15 20 25 30 
χ2 261 264 259 263 279 
χ2  9 GHz 91 93 73 71 77 
χ2  95 GHz 77 83 83 81 77 
χ2  170 GHz 49 43 47 54 62 
χ2  240 GHz 45 45 55 57 63 
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Table 2-6 (Continued)  
 
 
72 R2 at 2 oC 
 
 
 
βd (o) 0 15 25 30 35 
χ2 139 123 105 84 85 
χ2  9 GHz 54 50 39 27 22 
χ2  95 GHz 38 33 28 25 28 
χ2  170 GHz 47 39 38 32 35 
 
 
 
 
131 R2 at 2 oC 
 
 
 
βd (o) 0 15 25 30 32 35 40 
χ2 288 257 195 166 155 146 150 
χ2  9 GHz 96 96 79 67 60 58 53 
χ2  95 GHz 32 50 41 30 28 23 20 
χ2  170 GHz 71 48 38 37 36 36 44 
χ2  240 GHz 88 63 37 32 31 29 33 
 
 
 
 
*   χ2 (i.e. the reduced χ2) = Σ χ2 each frequency 
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Figure 2-9.   The best fit Rc vs temperature from analysis of spectra recorded in water 
solution (with error bars added). 
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Figure 2-10.   The reduced χ2 from the best fits to the multifrequency spectra recorded 
at 2 oC in water solution vs the diffusion tilt angle (βd); the best fit βd (●). 
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For R1, when βd is increased from 0o to 25o, χ2 at 9 and 95 GHz becomes 
smaller while χ2 at 170 and 240 GHz becomes larger. Thus, the sum of χ2 at all 
frequencies almost remains same. When βd is above 25o, the fit to the 240 GHz 
spectrum becomes poor and satisfactory fits cannot be obtained for all frequencies 
with a same set of parameters. For R2, increasing βd leads to the decrease of χ2 at each 
frequency especially χ2 at 9 GHz. With the best fit βd (30~35o), R2’s spectra can be 
well fit with two components (i.e. the immobile and intermediate components). The 
mobile component which exists when simulating R2’s spectra with βd = 0o is no longer 
necessary. Anyway, at βd = 0o, the population of the mobile component of R2 is small 
(≤ 13%) and it is not the dominant component. Thus the two components of R2 are 
still named as the immobile component and the intermediate component for the 
purpose of comparison to the three components of R1. 
The best fit βd that yielded the minimum reduced χ2 was found and listed in 
Table 2-3 for each mutant. (In the fitting, the βd was taken as common for all 
components. To have allowed βd to vary separately for each component would have 
introduced too many parameters in the fitting.  However, we do note that the value of 
βd only affects the intermediate and mobile components but not the immobile one.)  
Subsequently, βd was fixed at the value in Table 2-3 when fitting spectra recorded at 
the other temperatures (12, 22, and 32oC) and spectra of the mutant in Ficoll solution 
recorded at 2 to 32oC [cf. Chapter 3]. Although different values of best fit βd were 
found for the four mutants, these values lie within the range of 20 to 35o. In a previous 
study, an angle of 20 to 30o between the rotation axis of χ4 and the z-axis of the 
magnetic tensor frame was derived from an energy-minimized model of the side chain 
based on the crystal structure (34). Thus, it would appear that the z-axis of the internal 
diffusion frame is approximately parallel to the rotation axis of χ4. The other two 
diffusion tilt angles (αd and γd) were set to zero in the fitting process as noted above. 
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The spectra were found to be insensitive to αd and γd in a previous paper based on 
MOMD simulations at 9 GHz (34), and, in addition, their inclusion would have 
resulted in too many parameters in the fitting. 
The effect of βd on the spectrum is an interesting one. Faster internal modes of 
motion, will partially average an axial magnetic tensor, such as the A tensor, so that its 
effective magnitude is reduced by  
 
( )22,0 d1 3cos 12| |S β⎡ ⎤−⎢ ⎥⎣ ⎦  , 
which then must be averaged by the slower overall tumbling (26). Thus, a value of βd 
~30° leads to a value of 5/8 for the expression in brackets, compared to unity for βd = 
0°. This means that for βd > 0°, the overall tumbling has a reduced effect on the 
spectrum [cf. 3.3.2.1 and 3.3.2.2]. This is the case for 9 GHz which is dominated by 
the axial A tensor, whereas for high frequencies, dominated by the non-axial g tensor, 
this is somewhat less the case. 
 
2.4.6    Axially Symmetric Ro vs Rhombic Symmetric Ro 
In our work, all the analyses were performed with an axially symmetric 
internal diffusion tensor. The use of an axially symmetric Ro (Rox = Roy = Ro┴ and R
o
z = 
Ro║) instead of a fully anisotropic Ro, (Rox ≠ Roy ≠ Roz) was advanced in a previous 
paper based on results derived from two frequencies (9 and 250 GHz) fits to the 
spectra of 72R1 and 131R1 in water solution (28).  In that paper, the reduced χ2 was 
not found to be significantly improved when a fully anisotropic Ro was used. To verify 
that an axially symmetric Ro is sufficient, the multifrequency spectra of the four 
mutants recorded at 2oC in water solution were fit with Ro assumed to be either axially 
symmetric or fully anisotropic. In these fittings, βd was fixed to the values in Table 2-3.  
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The best fit parameters and the reduced χ2 are listed and compared in Table 2-7 
for the two kinds of symmetries. For 72R1, by allowing Rox and Roy to be different, the 
fits to the high field spectra are improved with decreased χ2 at 95, 170, and 240 GHz. 
The sum of χ2 at all frequencies is reduced by 17% when Ro is allowed to be fully 
anisotropic. For 131R1, 72R2, and 131R2, the fits are slightly improved with Ro of 
rhombic symmetry relative to Ro of axial symmetry. The sum of χ2 at all frequencies is 
reduced by 6~12%. The best fit results indicate that, in most cases, the average of Rox 
and Roy in the case of rhombic symmetry is close to Ro┴ in the case of axial symmetry, 
and Roz is close to Ro║. But there are a few exceptions, e.g. Ro┴ in the immobile 
component of 131R1 is much larger than the average of Rox and Roy. In addition to the 
internal diffusion tensor components, the other fitting parameters, including the order 
parameters and the percentages of the multiple components, were unaffected by the 
assumption of the axial symmetry in Ro. Therefore, to avoid excessive fitting 
parameters, the internal diffusion tensor was restricted to axial symmetry. 
The immobile component of R1 and R2 has almost isotropic Ro, whereas the 
intermediate and mobile components have anisotropic Ro with Ro┴ (Rox and Roy) much 
larger than Ro║ (Roz). In all, for all components of R1 and R2, the relations among Ro 
tensor components remains no matter which kind of symmetry is assumed for Ro in 
the simulation. Moreover, the best fit results with rhombic Ro show that Rox and Roy 
are very close in the intermediate and mobile components, whereas Roy is either close 
to or larger than Rox in the immobile component.  
 
2.5      DISCUSSION 
 
2.5.1    Comparison with Model of Tombolato et al. 
 
One of the results of this work is that we find three components different in 
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Table 2-7. 
The best fit parameters and the reduced χ2 from fitting the multifrequency spectra 
recorded at 2 oC in water solution with two kinds of symmetries of Ro 
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72 R1 at 2 oC 
 
 
 
 
 
   Symmetry of 
      Ro 
Axial 
( Ro┴ = Rox = Roy  and Ro║ = Roz ) 
Rhombic 
( Rox  ,  Roy    and  Roz ) 
βd (o) 25 24 
Rc 
( 107 s-1 ) 0.50 0.58 
Component Immobile Intermediate Mobile Immobile Intermediate Mobile 
Rox  
( 107 s-1 ) 2.8 38.9 55.0 
Roy  
( 107 s-1 ) 
4.1 38.9 49.0 
4.6 43.7 47.9 
(Rox + Roy) / 
2 
( 107 s-1 ) 
4.1 38.9 49.0 3.7 41.3 51.4 
(Rox - Roy) / 4 
( 107 s-1 ) 0 0 0 -0.5 -1.2 1.8 
Roz  
( 107 s-1 ) 2.6 0.2 0.3 2.5 0.2 0.3 
S20 0.64 0.59 0.44 0.64 0.58 0.43 
S22 0.01 -0.15 -0.3 0.01 -0.17 -0.31 
Population 
(%) 27 41 32 25 48 27 
χ2 9 GHz 48 50 
χ2 95 GHz 46 35 
χ2 170 GHz 51 39 
χ2 240 GHz 107 84 
χ2 * 252 208 
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Table 2-7 (Continued)  
 
 
131 R1 at 2 oC 
 
 
 
 
 
 
    Symmetry of 
        Ro 
Axial( Ro┴ = Rox = Roy  and Ro║ = 
Roz ) 
Rhombic 
( Rox  ,  Roy    and  Roz ) 
βd (o) 25 25 
Rc 
( 107 s-1 ) 0.79 0.79 
Component Immobile Intermediate Mobile Immobile Intermediate Mobile 
Rox  
( 107 s-1 ) 2.5 47.9 38.9 
Roy  
( 107 s-1 ) 
3.3 45.7 38.9  
7.2 38.9 37.2 
(Rox + Roy) / 2 
( 107 s-1 ) 3.3 45.7 38.9 4.9 43.4 38.0 
(Rox - Roy) / 4 
( 107 s-1 ) 0 0 0 -1.2 2.2 0.4 
Roz  
( 107 s-1 ) 3.7 1.4 0.2 3.0 1.9 0.6 
S20 0.6 0.5 0.2 0.6 0.51 0.2 
S22 -0.02 -0.19 0.32 -0.01 -0.19 0.3 
Population 
(%) 15 60 25 17 58 25 
χ2 9 GHz 71 72 
χ2 95 GHz 81 73 
χ2 170 GHz 54 47 
χ2 240 GHz 57 54 
χ2  263 246 
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Table 2-7 (Continued)  
 
 
72 R2 at 2 oC 
 
 
 
 
 
    Symmetry of  
       Ro 
Axial 
( Ro┴ = Rox = Roy  and Ro║ = Roz ) 
Rhombic 
( Rox  ,  Roy    and  Roz ) 
βd (o) 30 30 
Rc 
( 107 s-1 ) 0.69 0.69 
Component Immobile Intermediate Immobile Intermediate 
Rox  
( 107 s-1 ) 4.8 32.4 
Roy  
( 107 s-1 ) 
4.3 33.1 
4.7 38.0 
(Rox + Roy) / 2 
( 107 s-1 ) 4.3 33.1 4.7 35.2 
(Rox - Roy) / 4 
( 107 s-1 ) 0 0 0.0 -1.4 
Roz  
( 107 s-1 ) 3.9 2.1 3.7 2.3 
S20 0.65 0.57 0.68 0.55 
S22 -0.01 -0.09 -0.01 -0.11 
Population 
(%) 73 27 73 27 
χ2 9 GHz 27 24 
χ2 95 GHz 25 22 
χ2 170 GHz 32 27 
χ2  84 74 
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Table 2-7 (Continued)  
131 R2 at 2 oC 
 
 
 
 
*   χ2 (i.e. the reduced χ2) = Σ χ2 each frequency 
    Symmetry of  
     Ro 
Axial 
( Ro┴ = Rox = Roy  and Ro║ = Roz ) 
Rhombic 
( Rox  ,  Roy    and  Roz ) 
βd (o) 32 31 
Rc 
( 107 s-1 ) 0.65 0.74 
Component Immobile Intermediate Immobile Intermediate 
Rox  
( 107 s-1 ) 5.8 43.7 
Roy  
( 107 s-1 ) 
8.7 38.0 
12.9 42.7 
(Rox + Roy) / 2 
( 107 s-1 ) 8.7 38.0 9.3 43.2 
(Rox - Roy) / 4 
( 107 s-1 ) 0 0 -1.8 0.2 
Roz  
( 107 s-1 ) 2.0 4.4 2.5 1.9 
S20 0.68 0.57 0.68 0.56 
S22 -0.03 0.03 -0.07 0.05 
Population 
(%) 55 45 51 49 
χ2 9 GHz 60 59 
χ2 95 GHz 28 31 
χ2 170 GHz 36 30 
χ2 240 GHz 31 22 
χ2  155 142 
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their internal mobility when simulating the spectra of R1. One is a highly ordered 
relatively immobile component, and the other two are relatively weakly ordered 
components referred to as the intermediate and the mobile components with 
comparable rotational diffusion rates (Ro┴) but significantly different orderings (S20). 
The finding of three components in R1’s spectra is in good agreement with a 
theoretical study of the conformational dynamics of R1 at the solvent exposed helical 
site 72 of T4L by Tombolato et al. (67). According to that study, the multi-component 
character is an intrinsic feature of the spectra of R1 and at least three components are 
necessary in the simulation. The values of S20 they obtained for their three components 
were 0.68, 0.52, and 0.37 when simulating the 9 GHz spectrum of 72R1 at 10oC. 
Correspondingly, we obtained three components with S20 = 0.64, 0.58, and 0.45 from 
the fits to the multifrequency spectra of 72R1 at 12oC. It followed from the 
conformational dynamics study that the two relatively mobile components originate 
from the same conformers but with different torsional distributions about the minima 
in the energy profile for rotation about χ5 (67). This would explain why the two 
relatively mobile components that we find differ from each other in ordering.  
As noted in Results, the immobile component has almost isotropic Ro and its 
mobility is similar at site 72 and site 131. In a previous multifrequency ESR study of 
T4L dynamics, an immobile component was also found when simulating the spectra of 
R1 linked to another two solvent exposed helical sites (44 and 69), and its mobility 
was found to be similar at these two sites as well (6). The existence of such an 
immobile component at solvent exposed helical sites was ascribed to a weak 
interaction of the nitroxide ring with the protein surface by Columbus et al. (34). 
According to Tombolato et al., the change of spectral lineshape with increasing 
temperature arises from increasing global tumbling and increasing internal mobility of 
each component, whereas the population of each component remains unchanged (67).  
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However, our results show that the population of each component does vary with 
temperature and the population of the immobile component decreases with increasing 
temperature. Our results are supported by molecular modeling which have suggested 
that the conformers corresponding to immobile components are entropically unfavored, 
and a weak interaction is necessary to stabilize them (37). The interaction is so weak 
that it exists only at reduced temperature, so that the immobile component becomes 
more abundant at lower temperatures (34).  
In this study, we discerned two components in the spectra of R2, which, 
compared to the three components in the case of R1, allow for a simpler description of 
the dynamics of R2. Tombolato et al. found, that the spectrum of 72R2 is composed of 
similar spectra of a series of conformers, so that the spectrum of R2 can be simulated 
with a single component (67). Additionally, they suggested that the spectrum of R2 is 
not far from a rigid limit spectrum with partially averaged magnetic tensors. Our 
results indicate that, in addition to an immobile component, which yields a spectrum 
similar to the rigid limit case, a more mobile component, referred to as the 
intermediate component in this paper, also exists. We found that the spectra of R2 
have some features in common with those of R1: (1) There is a highly ordered 
immobile component; (2) The intermediate component has an anisotropic Ro and 
relatively lower ordering. Fleissner et al. obtained the same crystal structure for 131R1 
and 131R2 (37). This may help to explain why the spectra of R1 and R2 share such 
common features. 
 
2.5.2    Effects of Added Methyl Group in R2 
Now we wish to discuss the change of spectral lineshape when a methyl group 
substitutes the hydrogen atom at the 4-position of the nitroxide ring of R1, i.e. when 
R2 is linked to the mutant. On the basis of the molecular modeling described by 
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Columbus et al., it was suggested that the 4-substituent increases the ordering because 
of the steric clash with the disulfide which reduces the amplitude of rotation about χ5 
(34). This is consistent with our current results that 72R2 and 131R2 have more highly 
ordered components than 72R1 and 131R1 respectively. For example, the value of S20 
in the intermediate component of 72R2 is higher than the average of S20 in the two 
relatively mobile components of 72R1. Similarly, the value of S20 in the intermediate 
component of 131R2 is higher than both order parameters in the two relatively mobile 
components of 131R1. At both sites, the larger population of the immobile component 
of R2 compared to R1 can be caused by the stronger interaction between R2 and the 
protein surface because of the additional methyl group (34).  As previously noted (34), 
with the 4-methyl group the interaction between the nitroxide ring and its nearby 
residues is evident in the 9 GHz spectrum of 131R2 recorded at room temperature in 
30% sucrose solution, whereas such an interaction cannot be clearly observed in the 
spectrum of 131R1 at room temperature. Such observations are further confirmed by 
our quantitative analysis showing that the immobile component, stabilized by such 
interaction, is more populated in the spectra of R2 than in those of R1.  
 
2.5.3    Ro┴ vs Ro║ 
According to our results, it is shown that Ro┴ > R
o
║ in the two relatively mobile 
components of R1 and in the intermediate component of R2. As noted in Results, Ro║ 
is roughly parallel to χ4, and as suggested by Columbus et al. (34), Ro┴ is in the plane 
of the nitroxide ring where χ5 lies.  Liang et al. also observed that Ro┴ in the dominant 
component of 72R1 and 131R1 is an order of magnitude larger than Ro║ in their two-
frequency study (28).  Also, Barnes et al. obtained Ro┴> R
o
║ by nearly a factor of 10 
from their two frequency study of 44R1 and 69R1 at 9 and 250 GHz (6). Such a 
relation between Ro┴ and R
o
║ indicates that the rotation about χ5 is the major 
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contributor to the fast conformational transitions in the relatively mobile components 
of R1 and R2. That the rotation about χ5 is the fastest rotation has been shown by 
studies using various methods by Mchaourab et al., Budil et al., Tombolato et al., and 
Sezer et al.  (10, 66, 67, 68). Moreover, simulation of the 9 GHz spectrum of 41R1 in 
terms of the MOMD model yielded a mobile component with anisotropic Ro and an 
immobile component with isotropic Ro, that is in general agreement with our 
observations (76). 
 
2.5.4    Dynamics at Site 72 vs Site 131 
We have shown in our present work that the difference in the spectra of 
mutants at site 72 and at site 131 does not result from any difference in the magnetic 
tensors, since they are identical, but rather it arises from differences in their dynamics. 
What then is the source of the spectral difference at these two sites? Both sites were 
defined as solvent exposed helical sites (10). It is shown that they have no interaction 
with their local environment by the fact that their spectral lineshapes are independent 
of i±3 and i±4 mutations to alanine (10). In light of this, Columbus et al. (34) and 
Liang et al. (28) hypothesized that the backbone mobility, which is different at these 
two sites because of their attachment to helices of different length and rigidity, is 
responsible for the lineshape difference at these two sites. Site 72 is located in the 
middle of a long 5-turn helix and is thought to be one of the most highly ordered 
helical surface sites (6, 10, 34). Site 131 is on a short 2.5-turn helix and is more 
flexible in terms of higher Debye-Waller factors and hydrogen exchange rates when 
compared to site 72 (34). Tombolato et al. found that the spectra of 131R1 could not 
be simply obtained by adjusting the populations of the three components obtained 
from the simulation of 72R1’s spectra. (They only developed their theoretical model 
only for the 72 site and not for the 131 site.) Thus they postulated that the backbone 
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dynamics is most likely the main reason for the observed difference between the 
spectra of 72R1 and 131R1, supporting the hypothesis suggested by Columbus et al. 
and Liang et al (28, 67). It was noted by Columbus et al. (34) that the immobile 
component, which is common in the spectra of both R1 and R2, most likely arises 
from the interactions of the nitroxide ring with the protein surface. Thus, it does not 
directly reflect the modulation of the internal motion by the backbone dynamics (60). 
On the other hand, the conformers corresponding to the intermediate and the mobile 
components were modeled to have no interaction with the surrounding residues (37). 
Thus, they can be used to infer the backbone motion.  
R2 has been suggested by Columbus et al. to be a useful probe for the 
backbone dynamics because the steric clash of the 4-methyl group with the disulfide 
constrains rotations about the side chain bonds (e.g. χ5), resulting in the enhanced 
sensitivity to the backbone dynamics (34). Since the mobility of R2 is restricted by 
interaction within the side chain itself rather than by interaction with its local 
environment, R2 can be used to monitor the backbone dynamics even more readily 
than R1.  
Our results show that, for the intermediate component of R2, the values of S20 
at the two sites of 72 and 131 are similar. However, for both the intermediate and the 
mobile components of R1, the values of S20 at the two sites are significantly different. 
Such an inconsistency raises the question whether the backbone dynamics does 
account for the spectral difference at the two sites, or whether R1 and R2 can both be 
used to probe the backbone dynamics. Sezer et al. found from their molecular 
dynamics simulations that the most populated conformers of 72R1 are well localized, 
and in contrast, the most populated conformers of 131R1 are more diffuse (68). Taken 
together, our results suggest that the backbone motion may not be the major 
contributor to the lineshape difference at these two sites, if we take as given the 
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assumption that R2 can probe the backbone mobility. It is however possible that the 
conformers corresponding to the intermediate component of R2 have some 
interactions with the local environment. If this were the case, then the differences in 
the ESR spectra of 72R1 and 131R1 might be reflecting the differences in their 
backbone motion as suggested by Columbus et al. and Tombolato et al. (34, 67).  
As noted above, Mchaourab et al. pointed out that there was no tertiary 
interaction at solvent exposed helical sites including site 72 and site 131, with 
negligible change in spectral lineshape upon i±3 and i±4 mutation to alanine (10). Guo 
et al. showed that there are interactions with the neighboring side chains at some 
solvent exposed helical sites, e.g. site 41 and site 44 (76). However, it was shown in 
that study that such interactions are most likely occurring for the immobile component. 
In contrast, Sezer et al. found from their analysis of molecular dynamics simulations 
the presence of significant hydrophobic interactions of the spin label with alanine (77, 
78, 79). They suggested that the variation in spectra at solvent exposed helical sites 
results from the difference in the ability of R1 to engage in the hydrophobic 
interactions with the helix (77). Thus, according to the molecular dynamics simulation 
results, site 72 and site 131 can both interact with surrounding residues and the 
difference in their spectral features may not be simply related to the backbone 
dynamics. Clearly this is a different view-point than that of the experimental studies 
referred to above.  
However for 72R2 vs 131R2, the S20 values for the “intermediate” component 
are similar, a result which might not be expected if the difference between the sites is 
due to backbone motions.  It is self evident that the motion of R1 will reflect particular 
modes of backbone flexibility on the ns time scale. For example, the studies of 
Columbus et al. clearly revealed the highly flexible backbone segments of GCN4 (60) 
that were previously identified by NMR relaxation. Hence, SDSL will be a powerful 
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tool in identifying “intrinsically disordered” domains in proteins using a similar 
approach. However, uncertainty remains as to the origin of relatively small differences 
in R1 motion, such as that between 72R1 and 131R1. 
 
2.6       CONCLUSIONS 
 
The main findings are the following:  
(1) Best global fits to a SRLS model using data from four frequencies on T4 
lysozyme in aqueous solution require three spectral components characterized as 
relatively “mobile”, “intermediate”, and “immobile” for both 72R1 and 131R1. In the 
case of 72R2 and 131R2 only the “intermediate” and “immobile” components are 
found. 
(2) For R1, three components are found. Liang et al. could not simultaneously 
fit the 9 and 250 GHz spectra of R1 at or below room temperature using the same set 
of parameters (28). They utilized a two-component fit and required different fractional 
amounts at the two frequencies. We show in the present work that by including three 
components in the fitting we can simultaneously fit all spectra at the four frequencies 
with the same parameters. 
(3) For R2, just two components may be discerned. One of the two components, 
highly ordered and with slow isotropic Ro, is also present in R1’s spectra, referred to 
as the “immobile” component. This component may correspond to conformers 
stabilized by interaction with the protein surface. The fraction of this component for 
R2 is higher than it is for R1, ostensibly because the interaction of the nitroxide ring 
with the protein surface is stronger in the case of R2 due to the additional 4-methyl 
group. 
  80
(4) The “mobile” and “intermediate” components exhibit fast anisotropic local 
diffusion and relatively low ordering. They most likely correspond to conformers 
having little or no interactions with nearby residues. 
(5) In all cases, for the spectra at all four frequencies, very good simultaneous 
fits were achieved at all temperatures with the SRLS model. 
(6) The more mobile components of 72R1 and 131R1 exhibit significantly 
different S20 values, with that for 72R1 being significantly greater, as is consistent with 
previous studies which suggested that this difference results from reduced backbone 
flexibility for 72R1.    
(7) A comparison between the results for 72R1 vs 131R1 and 72R2 vs 131R2, 
renders uncertain the suggestion by Columbus et al. that the backbone dynamics is the 
major contribution to the spectral difference at site 72 and site 131 (34). 
(8) The values for overall tumbling rate, Rc obtained independently from each 
of the four spin labeled mutants were generally in very good agreement with each 
other and agree favorably with estimates from NMR and hydrodynamic modeling. 
This supports the results of the SRLS analysis. 
(9) The experimental results, and their SRLS analysis, show some key 
similarities with the predictions of Tombolato et al. from their dynamic modeling, but 
the relationship to the results of the MD simulations by Sezer et al. is more tenuous. 
 
2.7       IMPLICATIONS 
 
We wish now to make an overall assessment of this study and its implications. 
Clearly the multifrequency approach provides substantial information to study the 
complex dynamics of a protein such as T4L. Not only do the different frequency 
spectra supply "snapshots" at different time scales of the dynamics, (i.e. higher 
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frequencies give faster time-scale insights and lower frequencies slower ones), but 
they also provide "snapshots from different angles". That is, the lower frequency 
spectra are mostly influenced  by the nearly axially symmetric hyperfine tensor, for 
which the z-component is dominant, whereas the high frequency spectra are most 
influenced by the fully asymmetric g tensor wherein both the x and z components 
differ substantially from its trace. Thus, whereas motion about an axis parallel to the 
magnetic z-axis is difficult to discern at 9 GHz, it is very clear at the high frequencies, 
as are motions relative to the other magnetic axes (80). Taken together, these features 
emphasize the value of the multifrequency approach to study molecular dynamics. 
On the other hand, when dealing with dynamics as complex as displayed in the 
present study on T4L, the substantial independent experiments provided in this study 
are not in themselves guarantors of sufficient information to disentangle all the 
complex features. This is a primary reason that we analyzed the data in the context of 
what we refer to as a "mesoscopic" model, viz. the SRLS model. The SRLS model, 
which distinguishes internal and overall motions, but does allow for several 
components, already provides numerous parameters to fit to the experimental spectra. 
We have found it necessary to restrict somewhat the parameters that we chose to fit, 
hopefully in a reasonable manner, as we have discussed above. Clearly, further efforts 
at sharpening up the model for fitting these spectra would be of value, but one must be 
wary of introducing too many fitting parameters. 
Recent efforts at improved models include that of Tombolato et al. (67), which 
adds an atomistic viewpoint to the SLE. We have compared the results of our SRLS 
analysis of the experimental results with their predictions and find that our approach, 
with as many as three components, is consistent with their predictions, even in the 
characteristics of these components. However, the analysis provided by Tombolato et 
al clearly shows that the side chain motion of the MTSSL tether is significantly more 
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complex than the internal motional modeling that SRLS allows. (For example, the 
motion about the five dihedral angles, each with its own effective tilt angle and 
motional rate, leads to fully asymmetric partially averaged hyperfine and g-tensors 
with as many as five components each, whereas our SRLS analysis just allows for a 
single effective internal mode with an R║, R┴, and βd which preserve more of the 
symmetry of the magnetic tensors.) Thus the SRLS approach, as intended, must be 
regarded in the mesoscopic sense of replacing the actual detailed internal motions of 
the MTSSL tether by a single effective set of internal motional parameters. Tombolato 
et al only considered the 9 GHz spectra of 72R1 and 72R2, but indicated how to 
extend their analysis to the higher frequency spectra. 
The fully atomistic viewpoint provided by the MD study of Sezer et al. (68) is 
more difficult to reconcile with our multifrequency study and analysis, even though 
they succeeded admirably in fitting several of the multifrequency results (at room 
temperature) that form a part of our present extensive study. Their MD study 
emphasizes the detailed complexities of a fully atomistic viewpoint, much of which 
are not resolvable in actual experiments. Sezer et al also provide explicit evidence that 
even successful fitting to extensive multifrequency spectra is not in itself a guarantor 
of uniqueness of fit. 
This MD study does make clear, as did the work of Tombolato et al, that there 
are generally several groups of interchanging MTSSL conformers, which will lead to 
the spectral presence of more than one component, both for 72R1 and 131R1. 
However, their assignment of the relevant conformers proved to be somewhat 
different from those of Tombolato et al., most likely due in part to the fact that the MD 
analysis showed cooperative side chain adjustments and motions that could overcome 
steric barriers, whereas Tombolato et al. allowed only independent single bond 
motions. The MD study indicated that there is a subtle interplay in the energetics of 
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the nitroxide moiety with its amphiphilic character in determining the relative 
populations of the different conformers and their interactions with the backbone; it 
would be of interest to see how small variations in the interaction potentials would 
affect these populations and their motional dynamics. 
In general, the studies of Tombolato et al. (67) and Sezer et al. (68) do 
emphasize the very important role that motion of the MTSSL side chain plays in the 
ESR spectra. This presents a difficulty in extracting out information on backbone 
dynamics. Tombolato et al. only included the side chain and the overall protein motion 
in their fitting to the 9 GHz spectra, whereas any backbone motion is implicit in the 
MD simulations, and further efforts would need to be made to extract them out. Our 
present and past multifrequency experimental studies could not clearly distinguish 
between the conformational motions of the side chain and local backbone motions. 
The proposed interpretation that the difference in multifrequency spectra between 
72R1 and 131R1 is due to the more locally rigid position of the former, while an 
appealing one, is not confirmed in the present study nor is it ruled out. It may, in fact, 
be that the local side chain dynamics is coupled to local backbone fluctuations, such 
that any motion in the latter more restricted motion, may induce larger side chain 
fluctuations with their lower potential barriers. We note that extensive studies at 9 
GHz on mutants labeled at many sites of T4L are consistent with the sensitivity of the 
ESR spectra to backbone dynamics (10, 34, 60, 81).  It would clearly be of value to 
extend the multi-frequency approach to several more of these mutants. 
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CHAPTER 3 
 
STUDY OF FICOLL’S EFFECT ON T4 LYSOZYME ’S DYNAMICS 
 
3.1       INTRODUCTION 
 
Ficoll 70 is a macromolecule with an approximate molecular weight of 70000 
daltons, which is about 4 times the molecular weight of T4L. To better distinguish 
between the slower global tumbling and the faster internal motion, Ficoll was added 
into aqueous solution to different concentrations in order to increase the viscosity of 
the solution and slow down the global tumbling of the protein.  
 
3.2      EXPERIMENTAL 
 
The concentration of protein in each sample is between 1 and 2 mM. Ficoll 70 
was purchased from Amersham Biosciences (now GE Healthcare Life Sciences), and 
was used without further purification. 
Multifrequency spectra of the five samples listed in Table 3-1 were taken at 2, 
12, 22, and 32 oC. The phase of the experimental spectra at 95, 170, and 240 GHz was 
adjusted to correct for a small admixture of dispersional signal, according to the 
procedure described previously (70).   
 
3.3      RESULTS 
 
3.3.1    Ficoll’s Effect on the Global Tumbling and the Internal Motion 
The experimental and the fitted spectra of 131R1, 72R2, and 131R2 in 15 and 
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Table 3-1.   The nitroxide labeled T4 lysozyme samples for multifrequency ESR study 
in Ficoll solutions 
 
 
Frequency (GHz)  
Sample 
No. 
 
Mutant 
Site 
Spin 
Label 
Ficoll 
Concentration 
( w/v % ) 9 95 170 240 
1 131 R1 25 √ a   √ 
2 72 R2 15 √ √ √  
3 72 R2 25 √ √ √  
4 131 R2 15 √ √ √  
5 131 R2 25 √ √ √ √ 
 
 
a A √ indicates the ESR spectrum has been recorded. 
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25 w/v% Ficoll solutions (samples 1 to 5 in Table 3-1) at 2, 12, 22, and 32oC are 
compared in Figure 3-1, showing very good agreement. The best fit parameters are 
listed in Table 3-2. The values of Ro┴, S20, and the percentages of the components vs 
temperature in different concentrations of Ficoll solutions (0, 15, and 25 %) are 
displayed and compared in Figure 3-2. It is found that the spectra of each mutant in 0, 
15, and 25 % Ficoll solutions cannot be fit well with the same set of internal dynamic 
and ordering parameters with just different global tumbling rates (Rc). Therefore, the 
spectra with different Ficoll concentrations were fit separately, and the parameters 
derived from the best fits were compared to determine which are influenced by the 
addition of Ficoll.  
The macroscopic viscosity of Ficoll solution and the microscopic viscosity for 
the global tumbling of T4L calculated from Rc are compared in Table 3-3. It was 
shown by Lavalette et al. (82) that the linear viscosity dependence of the Stokes-
Einstein relation should be replaced by a power law to describe the rotational diffusion 
of proteins in a macromolecular environment. This can explain the significant 
difference between the values of the macroscopic and microscopic viscosities in Table 
3-3. In fact, we find η(micro)∝  [η(macro)]0.39. The temperature dependence of the 
microscopic viscosity is shown in Figure 3-3.  
The spectra recorded in Ficoll solution were fit with three components for R1 
and with two components for R2. The population distributions are close to those in 
water solution with difference within only 10%. Comparison of R2’s motion in 
different concentrations of Ficoll solutions shows that adding Ficoll has little effect on 
Ro┴ of the intermediate component, whereas it has a small influence on the ordering of 
this component. The most notable effect after adding Ficoll is that the value of Ro┴ in 
the immobile component is reduced. Ratios of rotational diffusion rates (Rc, Ro┴ in the  
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Table 3-2.    
Best fit parameters of nitroxide labeled T4 lysozyme in 15 and 25 w/v% Ficoll 
solutions 
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Table 3-3.   Comparison of the macroscopic and the microscopic viscosities of 15 and 
25 w/v% Ficoll solutions 
 
 
Ficoll 
Concentration 
( w/v % ) 
Macroscopic 
Viscosity 
at 20 oC a 
Microscopic 
Viscosity 
at 22 oC b 
15 5.6 2.05 
25 16.6 3.39 
 
 
a  Relative viscosity of solutions of Ficoll 70 from product information sheet provided 
by Amersham Biosciences (now GE Healthcare Life Sciences). 
 
b The microscopic viscosity with regard to the global tumbling of T4 lysozyme. 
Values were determined by dividing Rc of 72R2 in water solution (see Table 2-2) by 
Rc of 72R2 in Ficoll solution (see Table 3-2). 
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Figure 3-1. 
The multifrequency ESR spectra of 72R1, 131R1, 72R2, and 131R2 recorded in 15 
and 25 w/v% Ficoll solutions at 2, 12, 22, and 32 oC; experimental data (solid line), 
simulations (dashed line). 
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Figure 3-2.   The best fit parameters of Ro┴, S20, and the relative populations vs 
temperature from analysis of spectra recorded in water solution (○), in 15 w/v% Ficoll 
solution ( ), and in 25 w/v% Ficoll solution (●); the immobile component (solid line), 
the intermediate component (dashed line), the mobile component (dotted line). 
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Figure 3-3.   The microscopic viscosity with regard to the global tumbling of T4 
lysozyme in 15 w/v% (empty symbol) and 25 w/v% (filled symbol) Ficoll solutions vs 
temperature; 131R1 (circle symbol), 72R2 (square symbol), 131R2 (triangle symbol). 
 
Microscopic Viscosity ≡ Rc in water solution (see Table 2-2) / Rc in Ficoll solution 
(see Table 3-2) 
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immobile component and Ro┴ in the intermediate component) in Ficoll solution over 
those in water solution are displayed in Figure 3-4. We found in Figure 3-4 that Rc is 
the most affected in Ficoll solution, as can be expected from Ficoll’s large size. Ficoll, 
as a macromolecule, is supposed to be a better viscogen than sucrose, since Ficoll 
produces a low osmotic pressure in solution and the protein should not be compressed 
(9). Therefore, the mobility of either the backbone or the spin labeled tether should not 
be suppressed by such pressure, as was demonstrated by Guo from a simple analysis 
of the 9 GHz data (9). However, in this multifrequency study, it is found that in Ficoll 
solution, Ro┴ of the immobile component does decrease when Ficoll is added into the 
solution. Even by allowing a larger fraction of the immobile component when 
simulating R2’s spectra in Ficoll solution, the spectra cannot be fit without decreasing 
Ro┴ of the immobile component. On the other hand, for 131R1 at 32
oC, with no 
immobile component in the simulation, the internal motion is still found to be slowed 
down by Ficoll in the solution, as is manifested by the increased S20 and decreased Ro┴ 
in the intermediate and the mobile components. Why the internal motion is slowed 
down in Ficoll solution will be discussed in Discussion.  
 
3.3.2    The Global Tumbling in Ficoll Solution 
 
3.3.2.1  Effect of Rc in Ficoll solution 
30 w/w% sucrose solution, in which Rc of T4L is reduced by about a factor of 
3 at room temperature, was used to increase the viscosity of the solution and minimize 
the contribution of Rc to the 9 GHz spectral lineshape (10, 76). This is a reason why 
the 9 GHz spectra of T4L recorded in 30% sucrose solution can be analyzed by using 
the MOMD model. In the present study, we used Ficoll 70 instead of sucrose as the 
viscogen to slow down the global tumbling of the protein. As shown in Figure 3-3, the  
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Figure 3-4.   Decrease of Rc (solid line), Ro┴ in the immobile component (dashed line), 
and Ro┴ in the intermediate component (dotted line) of 72R2 (filled circle) and 131R2 
(empty circle) in 15 and 25 w/v% Ficoll solutions. 
 
Ratio ≡ Rotational diffusion rate in Ficoll solution (see Table 3-2) / Rotational 
diffusion rate in water solution (see Table 2-2) 
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microscopic viscosity of 25 w/v% Ficoll solution relative to that in an aqueous 
solution is 3.33 on average for the three samples at room temperature. This means that 
Rc is reduced in 25% Ficoll solution to about the same level as in 30% sucrose solution. 
We are now able to test whether the contribution of Rc in 25% Ficoll solution to the 9 
GHz spectra of T4L is really negligible, given that the global tumbling and the internal 
motion are explicitly included in the simulations using the SRLS model. We chose 
72R2 as the example. Two 9 GHz spectra were simulated with the best fit parameters 
from the fits to the multifrequency spectra of 72R2 in 25% Ficoll solution at 22oC (see 
Table 3-2), except for the value of Rc. In Figure 3-5, Rc in the solid line spectrum was 
set to the best fit value of Rc in 25% Ficoll solution (see Table 3-2); Rc in the dashed 
line spectrum was set to 3.2*105 s-1, which we have found to be in the rigid limit at all 
frequencies, including 9 GHz. As seen in Figure 3-5, the subtle difference between 
these two simulated spectra indicates that whereas Rc in 25% Ficoll solution is not 
strictly in the rigid limit, it is slow enough that it hardly contributes to lineshape of the 
9 GHz spectrum. [This observation is sensitive to the angle βd used in the simulation 
for reasons noted in 2.4.5; thus, when a βd=0° is used the best fit simulations show a 
greater deviation for the two cases of Figure 3-5.] 
 
3.3.2.2  The reduced effect from Rc when βd (diffusion tilt angle) > 0 
It has been noted in 2.4.5 and 3.3.2.1 that, for βd > 0°, the overall tumbling has 
a reduced effect on the spectrum. Below is the detailed proof and discussion. 
Two 9 GHz spectra were simulated with same internal motion but different 
global tumbling rates (Rc) and compared in Figure 3-6A and 3-6B. When Rc is reduced 
from 1.58*106 s-1 to 3.2*105 s-1, small change in lineshape can still be observed in 
Figure 3-6B. However, the simulated spectrum with Rc = 3.2*105 s-1 is shown to be 
almost identical to the simulated MOMD spectrum [There is no global tumbling in the  
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Figure 3-5.   Comparison of the 9 and 170 GHz simulated spectra with the global 
tumbling rate (Rc) set to the value in 25 w/v% Ficoll solution (solid line) and to the 
rigid limit value (dashed line) respectively. 
 
The solid line spectrum was simulated with the best fit parameters for 72R2 at 
22oC in 25 w/v% Ficoll solution (see Table 3-2). 
 
The dashed line spectrum was simulated with the best fit parameters for 72R2 
at 22oC in 25 w/v% Ficoll solution (see Table 3-2), except that Rc was set to the rigid 
limit value (i.e. 3.2*105 s-1). 
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 A.                                                                B. 
  
 
 
                                     C. 
 
 
 
Figure 3-6. 
A: Comparison of two SRLS spectra with Rc = 5.01*106 s-1 and 1.58*106 s-1. 
B: Comparison of two SRLS spectra with Rc = 1.58*106 s-1 and 0.32*106 s-1. 
C: Comparison of the SRLS spectrum with Rc = 0.32*106 s-1 and the MOMD spectrum. 
 
Parameters used in simulations are βd = 0o, Ro┴ = 29.5*107 s-1, Ro║ = 3.3*107 s-1, c20 
= 1.5, c22 = 0.05, W = 0.99 G. 
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MOMD model.] in Figure 3-6C. Thus when the global tumbling is as slow as 3.2*105 
s-1, it can be regarded as completely frozen at the 9 GHz ESR time scale.   
In the SRLS program, when the internal diffusion frame and the magnetic 
tensor frames are assumed to be coincident, the global tumbling and the internal spin 
label motion are coupled by the ordering potential (S). But when the three Euler angles 
(αd, βd and γd) between these two frames are considered and included in the simulation, 
the global tumbling and the internal motion are coupled by a term including not only 
the ordering potential but also three Euler angles. We here name this coupling term as 
the effective ordering (Seffective). As noted in 2.3.1, only βd is considered and the other 
two Euler angles are set to zero. When the symmetry of the ordering potential can be 
regarded as approximately uniaxial and the magnetic tensor is axial (e.g. A tensor but 
not g tensor), the effective ordering can be calculated by Seffective = 0.5 * ( 3 cos2 βd – 1 ) 
* S20. When βd is set to 54.74o, the effective ordering turns out to be zero and the 
global tumbling should have no effect on the lineshape even if Rc is very large. Such a 
hypothesis has been proved in Figure 3-7 by showing that the simulated SRLS 
spectrum with Rc = 5.01*106 s-1 and the simulated MOMD spectrum are identical with 
this special value for βd. 
The 9, 95, 170, and 240 GHz spectra of 131R1 recorded at 22 oC in water 
solution were simulated with a single component by using the SRLS model with axial 
Ro. βd was respectively set to 0o, 30o, and 40o in the simulation. Rc was set to 1.38*107 
s-1, which is close to the average value for Rc at 22oC in Table 2-2. Then the best fit 
parameters were used as initial parameters for fitting the 9 and 240 GHz spectra of 
131R1 recorded at 22 oC in 25% Ficoll solution. Rc in Ficoll solution was set to 
5.01*106 s-1, calculated by dividing Rc in water by 2.75. 2.75 is close to 3.33, which is 
the average microscopic viscosity of 25% Ficoll solution at 22 oC derived from this 
study (cf. 3.3.2.1). Best fit parameters, the effective ordering, and the reduced χ2 are  
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Figure 3-7.   Comparison of the SRLS spectrum with Rc = 5.01*106 s-1 and the 
MOMD spectrum. 
 
Parameters used in simulations are βd = 54.74o, Ro┴ = 29.5*107 s-1, Ro║ = 3.3*107 s-1, 
c20 = 1.5, c22 = 0.05, W = 0.99 G. 
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compared in Table 3-4 for these three tilt angles. The experimental data at 9 and 240 
GHz and the best fits are displayed in Figure 3-8A and χ2 at each frequency is labeled 
for each fit. Then, a 9 GHz MOMD spectrum was simulated for each tilt angle with 
the corresponding best fit parameters listed in Table 3-4. The MOMD spectrum is 
compared with the 9 GHz best fit SRLS spectrum in Figure 3-8B for each tilt angle. 
All spectra in Figure 3-8B were normalized to the same intensity. In Figure 3-8B, χ2 
(difference between the MOMD simulation and the SRLS fit) for each tilt angle is 
divided by χ2 for βd = 0o and labeled in each subplot. It is found that when βd increases 
from 0o to 30o and finally to 40o, the difference between spectrum with global 
tumbling in Ficoll solution and that with frozen global tumbling becomes smaller. 
This can be understood since the effective ordering (see Table 3-4) decreases with 
increased βd from 0o to 40o. 
 
3.3.3  Single- and Multi- Frequency Fit(s) to the Spectra of 131R1 in Ficoll 
Solution  
The 9 and 240 GHz spectra of 131R1 in 25% Ficoll solution recorded at 32 oC 
were simulated individually as well as simultaneously. In each case, both single 
component and two component fits were performed. The same values for Rc and βd 
were used in all the simulations. The best fit parameters from single- and multi- (i.e. 
two-) frequency simulations are compared in Table 3-5 for the two component fits and 
Table 3-6 for the single component fits. It is found that the best fit ordering parameters 
do not vary much with what frequency or how many frequencies are included in the 
fitting. But, the best fit values for Ro┴ from the 9 GHz fitting and that from the 240 
GHz fitting are quite different. The best fit value for Ro┴ from simultaneous two-
frequency fitting is closer to that from the 240 GHz fitting rather than that from the 9 
GHz fitting. By further studying the single frequency simulation at 9 GHz, it is found  
  107
 
 
 
 
 
 
 
Table 3-4.   Best fit parameters, the effective ordering, and the reduced χ2 from 
simultaneously fitting the 9 and 240 GHz spectra of 131R1 at 22 oC in 25% Ficoll 
solution by using the SRLS model with axial Ro 
 
 
 
 
 
 
 
 
 
 
βd 
(o) 
Ro┴ 
(107 s-1) 
Ro║ 
(107 s-1) c20 c22 S20 S22 Seffective 
W 9 
(G) 
W 240 
(G) 
Reduced 
χ2 
0 29.5 3.3 1.50 0.05 0.33 0.01 0.33 0.99 4.28 152 
30 37.2 0.004 1.98 -0.51 0.42 -0.09 0.26 0.60 5.29 175 
40 39.8 0.016 2.31 -0.83 0.47 -0.12 0.18 0.20 5.30 366 
  108
 
 
Table 3-5.   Best two component fit results from (1) the 9 GHz fitting, (2) the 240 GHz 
fitting, and (3) the simultaneous two-frequency fitting. 
 
 
 
*   χ2 = ( χ2 at 9 GHz + χ2 at 240 GHz ) / 2 
 
 
Frequency to Fit 
(GHz) 9 240 9 + 240 
Rc / βd 0.6*107 s-1 / 20o 
Component Intermediate Mobile Intermediate Mobile Intermediate Mobile 
Ro┴ 
(107 s-1) 34.7 20.4 63.1 63.1 58.9 58.9 
Ro║ 
(107 s-1) 0.001 4.5 2.1 6.0 2.5 1.0 
c20 2.56 1.17 2.56 1.18 2.55 1.21 
c22 -1.59 1.12 -1.72 1.70 -1.53 0.86 
S20 0.45 0.19 0.43 0.11 0.45 0.23 
S22 -0.22 0.29 -0.24 0.43 -0.21 0.22 
W 9 GHz 
(G) 
0.42 --- 0.86 
W 240 GHz 
(G) --- 4.71 4.64 
Population 
(%) 57 43 75 25 71 29 
χ2 22 28 42 * 
  109
 
 
 
Table 3-6.   Best single component fit results from (1) the 9 GHz fitting, (2) the 240 
GHz fitting, and (3) the simultaneous two-frequency fitting. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*   χ2 = ( χ2 at 9 GHz + χ2 at 240 GHz ) / 2 
 
 
 
Frequency to Fit 
(GHz) 9 240 9 + 240 
Rc / βd 0.6*107 s-1 / 20o 
Ro┴ 
(107 s-1) 16.2 45.7 43.7 
Ro║ 
(107 s-1) 1.2 0.3 0.6 
c20 1.33 1.70 1.66 
c22 0.05 -0.46 -0.30 
S20 0.30 0.37 0.36 
S22 0.01 -0.09 -0.06 
W 9 GHz 
(G) 
0.19 --- 0.78 
W 240 GHz 
(G) --- 2.47 3.97 
χ2 27 54 64 * 
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B. 
 
Figure 3-8. 
A: The experiment data and the best fits to the 9 and 240 GHz spectra of 131R1 at 
22oC in 25% Ficoll solution using the SRLS model with axial Ro. χ2 at each frequency 
is labeled in each subplot. 
B: The solid line spectra are 9 GHz SRLS simulations with best fit parameters in 
Table 3-4. The dashed line spectra are 9 GHz MOMD simulations with best fit 
parameters in Table 3-4 (Rc not included). [ χ2 for each βd / χ2 for βd = 0o ] is labeled in 
each subplot. 
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that there is a correlation between Ro┴ and the inhomogeneous Lorenzian broadening 
(i.e. W 9 GHz in Table 3-5 and 3-6). When W 9 GHz increases, the best fit value for Ro┴ 
increases correspondingly. To further prove such correlation, 2 two-component fits 
were performed for the 9 GHz experimental spectrum: (1) In the first fitting, all 
parameters including W 9 GHz were varied until the best fit was obtained; (2) In the 
second fitting, W 9 GHz was set to 0.85 G, which is much larger than the best fit W 9 GHz 
from the first fitting (0.42 G), and the other parameters were varied until the best fit 
was obtained. The fit results are listed in Table 3-7. Although Ro┴ and W 9 GHz are quite 
different in these two simulations, similar simulated spectra can be obtained (see 
Figure 3-9). In contrast, in the 240 GHz simulation, the fitting of Ro┴ is independent of 
that of W 240 GHz. Thus, the best fit value for Ro┴ from the 240 GHz fitting is more 
reliable and closer to the value from the multifrequency fitting.  
Moreover, based on some previous work and experience, the 9 GHz fitting is 
also very sensitive to Rc, whereas the 240 GHz fitting is not.    
 
3.4       DISCUSSION 
 
We noted in 3.3.1 that Ficoll has some effect on the internal motion. We 
further demonstrate this in Figure 3-10. The solid line spectrum was simulated with 
the best fit parameters from the fits to the multifrequency spectra in water solution at 
22oC (see Table 2-2), except that Rc was set to the best fit value in 25% Ficoll solution 
(see Table 3-2). The dashed line spectrum was simulated with the best fit parameters 
from the fits to the multifrequency spectra in 25% Ficoll solution at 22oC (see Table 3-
2). The difference between the two simulated spectra in Figure 3-10A, 3-10B, and 3-
10C respectively show Ficoll’s effect on the internal motion of 72R2, 131R2, and 
131R1.  
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Table 3-7.   Best fit results from 2 two-component fits to the 9 GHz spectrum: 
(1) In 1st fitting, all parameters including W 9 GHz were varied; 
(2) In 2nd fitting, W 9 GHz was fixed to 0.85 G, and the other parameters were varied. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fitting # 1st Fitting 2nd Fitting 
Frequency to Fit 
(GHz) 9 9 
Rc / βd 0.6*107 s-1 / 20o 
Component Intermediate Mobile Intermediate Mobile 
Ro┴ 
(107 s-1) 34.7 20.4 79.4 41.7 
Ro║ 
(107 s-1) 0.0006 4.5 2.1 0.8 
c20 2.56 1.17 2.58 1.18 
c22 -1.59 1.12 -1.24 0.95 
S20 0.45 0.19 0.49 0.21 
S22 -0.22 0.29 -0.16 0.24 
W  9 GHz 
(G) 
0.42 0.85 (fixed) 
Population 
(%) 57 43 63 37 
χ2 22 31 
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Figure 3-9.   The simulated spectra from 1st fitting and 2nd fitting with parameters 
listed in Table 3-7. 
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Figure 3-10.   Comparison of two 9 (170 or 240) GHz simulated spectra with the 
dynamic and ordering parameters of the internal motion set to values in water solution 
(solid lines) and in 25 w/v% Ficoll solution (dashed lines) respectively.  
 
The solid line spectrum was simulated with the best fit parameters at 22 oC in 
water solution (see Table 2-2), except that Rc was set to the value in 25 w/v% Ficoll 
solution: (A) 72R2; (B) 131R2; and (C) 131R1. 
 
The dashed line spectrum was simulated with the best fit parameters at 22 oC 
in 25 w/v% Ficoll solution (see Table 3-2). 
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For 72R2 and 131R2 (see Figure 3-10A and 3-10B), the difference at 9 GHz is 
small but the difference at high frequency is prominent. A reduction in Ro┴ of the 
immobile component contributes most to the prominent lineshape change at high 
frequency caused by adding Ficoll. The three peaks in the gzz region of the 170 GHz 
spectrum of 72R2 or the 240 GHz spectrum of 131R2 are from the immobile 
component and shift dramatically to the high field direction with Ficoll in the solution, 
confirming that the high field ESR is more sensitive in observing any change in the 
immobile component. The fact that the 9 GHz spectra are much less sensitive to the 
immobile component, and it is this component rather than the intermediate one, that is 
affected by the Ficoll (cf. Figure 3-4) may explain why the addition of sucrose up to 
40 w/w% appears to have no effect on the internal motion, as concluded from the 
simple analysis of the 9 GHz spectra (61, 83). If the focus is on just the intermediate 
component then it follows from Figure 3-4, that the addition of Ficoll hardly affects its 
motion. However, adding Ficoll increases the ordering of the intermediate component 
by 0.01-0.05. 
For 131R1 (see Figure 3-10C), the difference at 9 GHz is even smaller 
compared to the two cases for R2. The very little change in the 9 GHz spectrum is 
consistent with what Lopez et al. concluded from their extensive 9 GHz study on R1 
that Ficoll has little effect on the internal motion of the spin label (61). However, 
although the difference at 9 GHz is almost negligible, we still observe some difference 
at 240 GHz caused by the changes in Ro┴ and the ordering of the mobile and 
intermediate components. 
What then is the mechanism by which Ficoll slows down the internal motion? 
There are two relevant ones that one may consider, both based on the well-known 
molecular crowding (84, 85, 86, 87, 88, 89, 90), i.e. the molecular crowding properties 
of Ficoll 70 (91). First, for proteins that occupy a manifold of conformational states, 
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each with a different volume, crowders will drive the equilibrium toward the state of 
minimum volume. T4L is a two-domain protein with interdomain hinges that allow 
opening and closing of the active site cleft (92).  The open state is the dominant 
population in solution (16, 93), and has a larger excluded volume than the closed state. 
As anticipated, Ficoll 70 (25% w/w) drives the equilibrium toward the closed state 
(94).  On the other hand, the melting point of T4L is insensitive to Ficoll 70 (61), and 
the C terminal domain, in which 72 and 131 reside, is very stable (95), characterized 
by low Debye Waller factors in the crystal structures (15), and shows no detectable 
conformational exchange in NMR relaxation experiments (9). Thus, there is no 
evidence for substantial conformational heterogeneity in the C terminal domain that 
would be modulated by a crowder. Moreover, the 9 GHz spectrum of 72R1 is 
apparently insensitive to the hinge motion (16); as is 131R1 (96).  Collectively, these 
data make it unlikely that Ficoll 70 produces stabilization and increased packing of the 
T4L C terminal domain, in agreement with the lack of effect of Ficoll 70 on the 
internal motion of 72R1 and 131R1 observed here and in the earlier study of Lopez et 
al (61).  Thus, one would also expect Ficoll 70 not to influence the motion of R2 at 
either site, contrary to the experimental data. 
A second characteristic of crowders is the ability to drive intermolecular 
associations that would not normally be observed, i.e., the formation of oligomers. 
T4L is clearly monomeric in solution at low concentrations, but at the high 
concentrations needed in these experiments (1 – 2 mM) in the presence of 25% w/w 
Ficoll 70 with a fractional volume occupation of ca. 60% (91) it is entirely possible 
that weak and non-specific surface associations occur between T4L molecules, or 
between T4L and Ficoll 70. If this is the case, our results could be explained by 
assuming that the more hydrophobic R2 is instrumental in driving the association, and 
hence the crowder only influences T4L molecules bearing R2 and not R1.  
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It has been shown by Stagg et al. that in the presence of 25% Ficoll, a globular 
protein with comparable molecular weight to T4L appeared more compact than in its 
native structure (97).  
Finally we would like to address a specific issue that arises in using multi-
frequency data to fit to the dynamical model utilized. One can, in general, fit an 
individual single frequency spectrum with somewhat higher quality of fit and perhaps 
fewer parameters than emerges in the fitting of as many as four different spectra all at 
different frequencies. However, given what we have just noted, the spectra at the 
different frequencies provide different perspectives on the molecular motions, and 
therefore taken together provide a fuller picture of the dynamics, so they should all be 
given significant weight. It may be easy to obscure certain details of the dynamics 
from a single "snapshot" with a single "view-point" which may be observable from 
another. However, given that the model (e.g. the SRLS model that we have used) is an 
approximate one, then it will necessarily not include all the motional details that could 
affect the various ESR spectra (as we have argued above). It can therefore be expected 
that the snapshots taken at different speeds and view-points will uncover some details 
not well represented in the approximate model. This is a likely reason why we can 
generally fit individual spectra (each with their more limited information content) 
better than we do with the multifrequency approach. However, we do wish to 
emphasize that despite this fact, a major achievement in the present study is that we 
consistently do achieve good fits at all frequencies with the same set of fitting 
parameters.  Further progress in assessing the relative importance of the features in the 
spectra at each frequency would benefit from careful sensitivity analysis, as is 
currently being conducted by Earle et al. (98).  
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3.5       CONCLUSIONS 
 
The main findings are the following:  
(1) We found in Ficoll solution, not only the global tumbling is reduced as 
expected, but the internal motion is slowed down somewhat.  
(2) The addition of Ficoll reduces Rc according to a microscopic viscosity that 
is proportional to the macroscopic viscosity taken to the 0.39 power. 
(3) The addition of Ficoll reduces substantially the motional rate of the 
“immobile” component in R2, but has no significant effect on the “intermediate” 
component for 72R2 and 131R2 except for an increase in its ordering. For 131R1 the 
effect on the “immobile” component is much reduced, with no significant effects on 
the “mobile” and “intermediate” components. 
(4) The effect of Ficoll on the internal motion could possibly be explained by 
molecular crowding.  
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CHAPTER 4 
 
STUDY OF T4 LYSOZYME ’S DYNAMICS IN HIGH CONCENTRATION 
SUCROSE SOLUTION AND AT LOW TEMPERATURE 
 
4.1       INTRODUCTION 
 
The experimental data and corresponding simulations for the four spin labeled 
T4 lysozyme samples, 72R1, 131R1, 72R2, and 131R2, in both water and Ficoll 
solutions collected around room temperature have been discussed in Chapter 2 and 3. 
In this chapter, first, it is discussed what are the ‘good’ magnetic tensors, i.e. g tensor 
and A tensor, to be used when simulating data recorded around room temperature. To 
obtain values for the magnetic tensor components, experiments for the four samples in 
very high viscous sucrose solution at low temperatures were performed, and the results 
were analyzed. In addition, the dynamic models for the residual motion of the spin 
labeled tether in such condition were constructed to supply a basis for the dynamics of 
the spin label around room temperature. 
 
4.2       EXPERIMENTAL 
 
Experiments were performed at low temperatures and with high viscosities 
mainly to obtain accurate rigid limit magnetic tensors, but also to study residual 
protein motions at the low temperatures.  
The 9 and 170 GHz spectra of the 4 mutants listed in Table 4-1 were recorded 
at -50, -35, -20, -5, and +10 oC in 65 w/w% sucrose solution. The experimental spectra 
are displayed in Figure 4-1. Samples were prepared by mixing 79 w/w%  
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Table 4-1.   The nitroxide labeled T4 lysozyme samples for multifrequency (9 and 170 
GHz) ESR study in 65 w/w% sucrose solution 
 
 
Sample 
No. 
Mutant 
Site 
Spin 
Label 
Sucrose 
Concentration 
( w/w % ) 
1 72 R1 65 
2 131 R1 65 
3 72 R2 65 
4 131 R2 65 
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Figure 4-1. 
The experimental spectra of 72R1 (A and E), 131R1 (B and F), 72R2 (C and G), and 
131R2 (D and H) in 65 w/w% sucrose solution taken at 9 GHz (A to D) and at 170 
GHz (E to H). In each figure, the five spectra, from top to bottom, are recorded at -50, 
-35, -20, -5, and +10oC respectively. 
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Figure 4-1 (Continued) 
 
 
 
             E.                                                                  F. 
 
             G.                                                                 H. 
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sucrose and protein solution. In order to achieve the same final concentration of 
sucrose in all samples, a same stock solution of 79 w/w% sucrose was used. As 
described in 2.2, for 9 GHz experiments, glass capillary was used as sample holder, 
whereas for 170 GHz experiments, quartz plates were used as sample holder. For 
experiments at temperature below the freezing point of 65 w/w% sucrose solution (-17 
oC) (99), the sample was initially cooled to -70 oC, and then the temperature was 
increased to the destination temperature (100). Such an annealing process was applied 
to produce maximally freeze-concentrated samples at each temperature set point, so 
that, at equilibrium, the concentration of sucrose was the same in all samples. 
However, it was found that, either with or without annealing, spectra at a certain 
temperature were reproducible as long as the same cooling process was carried out. In 
9 GHz experiments where glass capillaries were used as sample holders, there was a 
slight change in lineshape if samples were directly cooled to the destination 
temperature without annealing; whereas in 170 GHz experiments where quartz plates 
were used as sample holders, identical spectra were obtained no matter whether the 
annealing process was applied or not.  
The phase of the experimental spectra recorded at 170 GHz was adjusted to 
correct for a small admixture of dispersional signal, according to the procedure 
described previously (70).   
 
4.3       METHODS 
 
4.3.1    Magnetic Tensor Components 
The 9 and 170 GHz spectra of the four mutants in 65 w/w% sucrose solution at 
-50oC were simulated to obtain the hyperfine (A) tensor and g tensor components. 
Experiments at temperatures lower than -50oC were also collected at both frequencies 
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(-90oC at 9 GHz and -155oC at 170 GHz), but they showed no further change in 
lineshape from those taken at -50°C. Thus, at -50oC and in 65 w/w% sucrose solution, 
the spin label can be regarded as completely immobilized on the time scales of ESR at 
both frequencies. The 9 and 170 GHz spectra recorded at -50oC in 65 w/w% sucrose 
solution displayed identical spectra to those in 30 w/w% Ficoll solution at the 
corresponding temperature, indicating that the addition of sucrose to 65 w/w% does 
not affect the magnetic tensor components, considering the different concentrations of 
sucrose and Ficoll as well as the large difference in their molecular sizes. Timofeev et 
al. (83) previously found that the isotropic hyperfine constant remains unchanged with 
the addition of sucrose up to 65 w/w%. These spectra were simulated as rigid limit 
spectra by performing nonlinear least squares (NLLS) fits using the microscopic 
ordering with macroscopic disordering (MOMD) model with an extremely slow 
motional rate of 105 s-1, i.e. the rigid limit on the ESR time scale (73).  
The 9 GHz spectra are more sensitive to the A tensor components, whereas the 
g tensor components can be accurately determined from the 170 GHz fits. An 
exception is Azz which can be well estimated from spectral fits at both frequencies. The 
fitting process applied to the spectra of all four mutants is described as follows. First, 
the magnetic field (Bozz), corresponding to central gzz component in the spectrum, was 
measured directly at 170 GHz. Then gzz was calculated from 
 
                                                                                                               
 
with ν = 171.100 GHz. The measured value of gzz was used in the following 
procedures. Then, the experimental 170 GHz spectra were fit by varying gxx, gyy, the A 
tensor, and the Lorentzian inhomogeneous broadening (W) tensor. (Gaussian 
zz zz
e o
hvg
Bβ=
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broadening was set to zero to simplify the fitting process.) The corresponding 
experimental 9 GHz spectrum was fit with gxx and gyy fixed at the values found from 
the 170 GHz fit, by varying the A tensor and the W tensor. Small uncertainties in g 
tensor parameters from the fits at 170 GHz have insignificant effect on the analysis of 
spectra at 9 GHz. Finally, the experimental 170 GHz spectrum was fit again by 
varying gxx, gyy and the W tensor with the A tensor components fixed at the values 
found from the 9 GHz fit. Magnetic tensor parameters including A tensor components 
from the 9 GHz fits and g tensor components from the 170 GHz fits are given in Table 
4-2 (101). Values of Azz found from the 170 GHz fits were identical to the ones listed 
in Table 4-2. Magnetic tensor components for the four mutants are the same within the 
uncertainty of the experiments and fits. The values of magnetic tensor components, 
especially of Azz and gxx, are related to the structure of the spin label and the polarity of 
the local environment to which the spin label is exposed (71, 102). Thus, we find that 
sites 72 and 131 are exposed to local environment of the same polarity.  
Once determined, the A and g tensor components were fixed and used as input 
parameters in the other simulations to extract information regarding motions. 
 
4.4       RESULTS 
 
4.4.1    72R1 vs 131R1 and 72R2 vs 131R2 
The 9 and 170 GHz spectra of the four mutants in 65 w/w% sucrose solution 
were recorded over a temperature range of -50 to +10oC. The spectra of 72R2 and 
131R2 are identical over the whole temperature range (see Figure 4-2), whereas the 
spectra of 72R1 and 131R1 have identical lineshapes only at very low temperatures, 
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e.g. -50 and -35oC (see Figure 4-3). At higher temperatures, e.g. -5 and +10oC, the 
motion of 131R1 is faster than that of 72R1, as seen in Figure 4-3. 
In the previous study on 72R1 and 131R1, it was assumed that 65 w/w% 
sucrose solutions provided virtually rigid limit spectra (28). Our study encompassing 
the range of -50oC to +10oC clearly demonstrates that at +10oC the spectra are 
significantly affected by motion. Thus the true rigid limit g and A tensors given in 
Table 4-2 show some differences with those reported in the previous study. But a 
comparison of the estimates of these tensors from our current +10oC spectra, when 
incorrectly interpreted as rigid limit spectra, yields relative results in rather good 
agreement with those reported previously. The most prominent effects of the increase 
in temperature are an apparent substantial increase in gzz, a decrease in gxx, and a very 
small decrease in gyy. [Also, Azz appears to decrease, while Ayy increases, but Axx hardly 
changes.] The differences previously noted in the magnetic tensors for 72R1 and 
131R1 at +10oC were tentatively ascribed to local polarity differences (28). Our 
present study makes clear that the true rigid limit magnetic tensors in 65% sucrose are 
identical, and the differences at +10oC result from differences in their mobilities.  
At 10oC, the identical spectra observed for 72R2 and 131R2 can be fit as rigid 
limit spectra by varying magnetic and linewidth tensors, although their broader lines 
than for -50°C spectra indicate incipient slow motion. They can be fit with a single 
component, i.e. the immobile component. The absence of the intermediate component 
could suggest that the equilibrium has substantially shifted to the immobile component 
in 65% sucrose solution vs aqueous solution or else the near rigid spectra provide 
much too limited features to discriminate two components.  
The spectra of 72R1 and 131R1 are clearly slow motional, nor can these 
spectra be well fit with a single component. This further supports that, at +10oC, there 
should be at least a second component for R1. One component is an immobile one,  
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Table 4-2.   Magnetic tensor components a, b 
 
 
Mutant 
Site 
Spin 
Label gxx gyy gzz Axx Ayy Azz 
72 R1 2.00839 2.00615 2.00232 6.2 4.3 36.9 
131 R1 2.00841 2.00616 2.00232 6.0 4.1 37.0 
72 R2 2.00841 2.00616 2.00231 6.3 4.6 37.2 
131 R2 2.00840 2.00615 2.00231 6.3 4.6 37.1 
 
 
a  The estimated absolute error in the g tensor components is ±7*10-5, but the 
estimated error in their relative values is ±1*10-5.  
b    The estimated error in A tensor components is ±0.2 G. 
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Figure 4-2.   Comparison of spectra of 72R2 (solid line) and 131R2 (dashed line) 
recorded in 65 w/w% sucrose solution. 
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Figure 4-3.   Comparison of spectra of 72R1 (solid line) and 131R1 (dashed line) 
recorded in 65 w/w% sucrose solution. 
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and the other is a relatively mobile one. Qualitatively simulations show that the 
population for the immobile component is ~65%, which is ~20% in water solution, 
suggesting that the equilibrium shifts ~45% to the immobile component in 65% 
sucrose. Some amounts (~35%) of either the intermediate or the mobile components 
still exist, and the difference in their motilities at site 72 and site 131 makes the spectra 
of 72R1 and 131R1 different at +10oC in 65% sucrose solution. The equilibrium shift 
towards the immobile component in sucrose solution was also suggested by Guo by 
showing that 30% sucrose shifts the equilibrium towards the immobile component at 
some interacting surface sites of T4L (9). Guo explained this phenomenon by high 
osmotic pressure arising from the concentrated sucrose solution, resulting in the 
compression of the protein and increases in its intramolecular interactions. Such 
intramolecular interaction stabilizes the immobile component and makes it more 
favored. 
At -50 oC, the sample is frozen since the glass transition temperature of the 
sucrose solution is -40oC (100). In the glass one expects the motions of all components 
are extremely slow or frozen, so all spectra are the same for the different spin labels 
and sites, since they have same magnetic tensors. 
 
4.4.2    Variations of Magnetic Tensor Components with Temperature 
The 9 and 170 GHz spectra of the 4 mutants in 65 w/w% sucrose solution from 
-50 to +10oC (i.e. -50, -35, -20, -5, and +10oC) were simulated as rigid limit spectra by 
varying magnetic A and g tensors as well as W tensor, and the parameters obtained 
from the simulations are listed in Table 4-3. Azz from the 9 GHz fits, g tensor 
components from the 170 GHz fits, and Wzz from fits at both frequencies vs 
temperature are plotted for all four samples in Figure 4-4. All the parameters in Figure 
4-4 have good resolutions whereas the other parameters, including Axx, Ayy, Wxx, and 
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Figure 4-4. 
Variations of the best fit parameters (Azz from the 9 GHz fits, gxx, gyy, and  gzz from the 
170 GHz fits, as well as Wzz from fits at both frequencies) with temperature. 
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Wyy can not be determined very accurately and therefore are not plotted out. A 
comparison of gxx, gyy, and A tensor components from independent 170 GHz fitting 
and from dependent 170 GHz fitting with A tensor components from the 9 GHz fits is 
shown in Table 4-4. From the comparison in Table 4-4, it can be concluded that: (1) g 
tensor from the 170 GHz fitting is not influenced by different values for A tensor; (2) 
At -50 and -35oC, the diffusion of the spin label is very slow and the same set of A 
tensor components can be used for fittings at both frequencies; (3) At higher 
temperatures, the diffusion of the spin label increases and is no longer slow enough. 
Thus, in the rigid limit fitting, different frequencies need different sets of A tensor 
components; (4) A tensor components average more at 9 GHz than at 170 GHz. 
In Figure 4-4, gzz shows a dramatic change from -35 to -20oC. This can be 
explained by considering the glass transition temperature of the sucrose solution is -
40oC (100). When glass forms, “molecular motion is thought to be restricted to 
vibrations and short range rotational motions” (103). 
From Figure 4-4, it is observed that the Wzz curves for 72R1 and 131R1 
deviate from the normal trend. This can be explained by the poor fit for these two R1 
labeled samples at temperatures above glass transition temperature especially at -5 and 
+10oC. These spectra cannot be fitted well as rigid limit spectra.  
 
4.4.3    Dynamics Models for the Internal Motion in High Viscous Solution 
In the spectra of R2 from -50 to +10oC, the deviations of magnetic tensors 
from the rigid limit ones are caused by the residual diffusion of the spin labeled tether.  
The spectra of R2 from -50 to 10oC can be fit as rigid limit spectra by varying 
magnetic and linewidth tensors. Above -50oC, the deviations of magnetic tensors from 
the rigid limit ones are caused by the residual diffusion of the spin label. We made two 
assumptions for how the diffusion of the spin label varies with temperature: (1) The 
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diffusion is very slow but with no ordering. In this assumption, the diffusion rate (Ro) 
increases when temperature increases; (2) The diffusion rate is relatively fast, but the 
ordering is considered and can be very high. In this case, the ordering (S20) decreases 
when temperature increases. For assumption (1), we performed some simulations with 
all kinds of symmetries for the Ro tensor. For assumption (2), we performed some 
simulations with x-, y-, and z- ordering. For both assumptions, the 9 and 170 GHz 
spectra were simulated. In the simulation, the g, A, and W tensors are taken from the 
best fit parameters for 72R2 at -50oC (cf. Table 4-3). The center field which 
corresponds to gaverage = 1/3 * ( gxx + gyy + gzz ) is set to 60953.54 G. The magnetic field 
for gxx, gyy, gzz, and Azz are measured directly from the simulated spectra. The change 
of gxx, gyy, gzz, and Azz with either the diffusion rate for assumption (1) or the ordering 
parameter for assumption (2) is compared with the change of these parameters with 
temperature from the best fits to the experimental data in Figures 4-5 and 4-6 
respectively. The fitting parameters for 72R2 are used in Figures 4-5 and 4-6 because 
spectra for R2 can be fitted with only one component and can be fitted well as near 
rigid limit spectra throughout the whole temperature range. Therefore, its motion is 
assumed to be simpler than that of R1 even at low temperatures. gxx, gyy, gzz, and Azz at 
170 GHz are taken from the independent 170 GHz fitting (cf. Table 4-3 and 4-4), 
while Azz at 9 GHz is taken from the 9 GHz fitting (cf. Table 4-3). 
In the first assumption, the order parameters were set to zero. Values for Rx, Ry 
and Rz were set in the range of 105 s-1 to 107 s-1. Totally 13 cases were simulated with 
different relations among Rx, Ry and Rz. Both axial and rhombic symmetries are 
considered. The various relations are listed in Table 4-5. From comparison, three cases, 
5, 10, and 11 can be regarded as poor models because of their relatively small change 
in gzz and Azz, which is not agreed with the fits to the experimental data.  
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Table 4-5.   List of 13 Cases for the first assumption 
 
 
 
Case No. Quantitive Relation  among Rx, Ry, and Rz 
Qualitative Relation  
among Rx, Ry, and Rz 
1 Rx = Ry = Rz Rx = Ry = Rz 
2 Rx = Ry = 10*Rz Rx = Ry > Rz 
3 Rx = 3*Ry = 17*Rz Rx >  Ry > Rz 
4 Ry = 3*Rx = 17*Rz Ry >  Rx > Rz 
5 Rz = 10*Ry = 10*Rx Rz > Rx = Ry 
6 Ry = 10*Rz = 10*Rx Ry >  Rz =  Rx 
7              Rx = 10*Ry = 10*Rz                 Rx > Ry = Rz 
8 Rx = Rz = 10*Ry Rx = Rz > Ry 
9                 Ry = Rz = 10*Rx                 Ry = Rz > Rx 
10 Rz = 6*Ry = 17*Rx Rz > Ry > Rx 
11 Rz = 6*Rx = 17*Ry Rz > Rx > Ry 
12 Ry = 3.2*Rz = 10*Rx Ry > Rz > Rx 
13 Rx = 3.2*Rz = 10*Ry Rx > Rz > Ry 
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Figure 4-5. 
Compare the best fit parameters from fitting the experimental data of 72R2 (circular 
symbol) to gxx, gyy, gzz, Azz from the simulated 170 GHz spectra, and Azz from the 
simulated 9 GHz spectra for the 13 cases of the first assumption (square symbol). In 
each page, from top to bottom are gxx, gyy, gzz, Azz at 9 GHz, and Azz at 170 GHz. Each 
case takes up a column and the sequence is from case 1 to case 13. 
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Figure 4-5 (Continued) 
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Figure 4-5 (Continued) 
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Figure 4-5 (Continued) 
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Figure 4-5 (Continued) 
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Figure 4-5 (Continued) 
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Figure 4-5 (Continued) 
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Figure 4-6. 
Compare the best fit parameters from fitting the experimental data of 72R2 (circular 
symbol) to gxx, gyy, gzz, Azz from the simulated 170 GHz spectra, and Azz from the 
simulated 9 GHz spectra for the x-, y-, and z- ordering of the second assumption 
(square symbol). In each page, from top to bottom are gxx, gyy, gzz, Azz at 9 GHz, and 
Azz at 170 GHz. Each type of ordering takes up a column and the sequence is from x- 
to y- to z- ordering. 
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Figure 4-6 (Continued) 
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As a conclusion, if the symmetry is axial, R║ cannot be much larger than R┴; if the 
symmetry is rhombic, Rz cannot be much larger than both Rx and Ry. 
In the second assumption, the rotational diffusion rate (Ro) is set to 107 s-1. 
Axial symmetry is assumed for S, and x-, y-, and z- ordering are all considered. The 
ordering parameter (S20) varies in a range of 0 to 0.9. From comparison, z-ordering 
model is found to be much better than x- and y- ordering models. 
Consistently, our results in water and Ficoll solutions [cf. Chapter 2 and 3] 
show that: (1) Ro║ is either much smaller than or close to Ro┴; (2) The diffusion of the 
spin label is z-ordering. 
 
4.5       CONCLUSIONS 
 
The main findings are the following:  
(1) The g tensor and hyperfine tensor for all four spin labeled mutants obtained 
from the rigid limit multifrequency spectra (at low temperature and in viscous 
sucrose/water solution) are identical within the experimental uncertainty, indicating 
that  they are all in very similar polarity environments. 
(2) By comparing the change of the g tensor in the simulated 170 GHz 
spectrum and Azz in the simulated 9 and 170 GHz spectrum with the change of these 
tensor components in the experimental spectra, we reached the following conclusions: 
1) Ro║ cannot be greater than Ro┴; 2) The z-ordering model is much better than the x- 
and y- ordering models. 
(3) These observations in high concentration sucrose solution are consistent 
with our results in water and Ficoll solutions which show that: 1) Ro║ is typically 
much smaller than or close to Ro┴; 2) The internal diffusion of the spin label shows z-
ordering. 
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CHAPTER 5 
 
CONCLUSIONS AND PERSPECTIVES 
 
5.1      CONCLUSIONS 
 
In this section, I will summarize the results and conclusions we obtained from 
this dissertation.  
The major findings are as follows:  
(1) Very good simultaneous fits have been achieved for all four-frequency 
spectra at all temperatures using the SRLS model.  
(2) The values for overall tumbling rate, Rc obtained independently from each 
of the four spin labeled mutants were generally in very good agreement with each 
other and agree favorably with estimates from NMR and hydrodynamic modeling. 
This supports the results of the SRLS analysis. 
(3) The best global fits using data from four frequencies on T4 lysozyme in 
aqueous solution require three spectral components characterized as relatively 
“mobile”, “intermediate”, and “immobile” for both 72R1 and 131R1. In the case of 
72R2 and 131R2 only the “intermediate” and “immobile” components were found. 
These results clearly demonstrate the multi-component nature of the spectra.  
(4) To further distinguish side chain isomerizations of the tether and backbone 
fluctuations, additional experiments would be necessary (cf. Section 5.2).  
(5) The g tensor and hyperfine tensor for all four spin labeled mutants 
measured from rigid-limit multifrequency spectra (in low temperature viscous 
sucrose/water solution) are identical within experimental uncertainty indicating they 
are all in very similar polarity environments. 
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 (6) The experimental results, and their SRLS analysis, show some key 
similarities with the predictions of Tombolato et al. from their dynamic modeling.  
Some additional findings are as follows:  
(1) The “immobile” component is highly ordered and slower in its motion and 
is more populated in the R2 spectra. This component may correspond to conformers 
stabilized by interaction with the protein surface. 
(2) The “intermediate” and “mobile” components exhibit fast anisotropic local 
diffusion and relatively low ordering. They most likely correspond to conformers 
having little or no interactions with nearby residues.  
(3) The more mobile components of 72R1 and 131R1 exhibit significantly 
different S20 values, with that for 72R1 being significantly greater, as is consistent with 
previous studies which suggested that this difference results from reduced backbone 
flexibility for 72R1.  
(4) The addition of Ficoll reduces Rc according to a microscopic viscosity that 
is proportional to the macroscopic viscosity taken to the ~ 0.4 power; it also slows 
down the internal motion of the immobile component of R2. 
 
5.2    PERSPECTIVES 
 
In this dissertation, we leave unresolved the question whether ESR can be a 
good tool to distinguish different ordered backbone segments (e.g. helices with 
different length and rigidity). In order to focus more on the contribution from the 
backbone fluctuations in the future studies, better designed spin labels are necessary. 
For example, a spin label with more constrained motion about its tether should be 
developed. In fact, the application of R2 (4-methyl-MTSSL) in this work was for this 
purpose, although no clear conclusions were drawn from the results on R2. Spin labels 
  155
with even more constrained tether motion, e.g. 4-bromo-MTSSL and 4-phenyl-
MTSSL, have been applied by Fleissner et al. to label T4 lysozyme so that the spectra 
are mainly affected by the backbone fluctuations (34, 37). In addition, a novel cross-
linked nitroxide spin label has been designed to attach to two neighboring residues so 
that the flexibility from the spin label tether is even more restricted and only motion 
from the backbone can be observed (37).  
Besides applying more restricted spin labels, several new methods have been 
tested to study the backbone fluctuations, e.g. to mutate a residue which is not adjacent 
to the spin labeled site but on the same secondary structure (e.g. helix) so that any 
observable change in the spectral lineshape can be attributed to the change in mobility 
of the backbone (WL Hubbell, private communication).  
With such novel spin labels and methods, as a complement to the 
multifrequency ESR method for separating the overall tumbling of the protein, the 
backbone fluctuations and the side chain isomerizations with similar time scales can 
be further separated.  
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APPENDICES 
 
Appendix I.   The Modified SRLS Model Program for Searching for the 
Population of Each Component with the Linear Least Squares (LLS) 
Minimization in the Multifrequency Fitting  
( The sections modified in the Fortran program are highlighted. ) 
 
sscalenew.f 
( This modified subroutine is for 72R2 at 2 oC in water solution. σ 9 GHz / σ j is 
respectively 1, 6, and 23 for j = 9, 95, and 170 GHz. )  
 
 
c  NLSL Version 1.3 7/17/93 
c---------------------------------------------------------------------- 
c                    ========================= 
c                      subroutine SSCALENEW 
c                    ========================= 
c 
c   Given the array <data> with <npt> data points and a matrix of <nsite> 
c   calculated spectra, each with <npt> points, calculate a least-squares 
c   set of <nsite> scaling factors. This routine uses the QR factorization 
c   routine that belongs to MINPACK together with the associated routines 
c   for solving the least-squares problem using QR factoriaation. 
c 
c   Inputs: 
c       data(npt)          Data values to be fit by scaled spectra 
c       spectr(ldspct,nsi) Spectrum/spectra to be scaled 
c       ldspct             Leading dimension of spectr array 
c       nsite              # spectra contained in spectr array 
c       npt                # points in data/spectra arrays 
c       ctol               Tolerance for linearly independent components 
c       iscal              Flags =1 for automatic scaling of each site 
c                          (otherwise used fixed value passed in sfac) 
c       noneg              Flag =1: zero any negative coeffients 
c       work(npt)          Temporary work array used in QR solution 
c 
c    Output: 
c       sfac               Array of scaling factors 
c                          Scale factors corresponding to spectra that 
c                          were eliminated on the basis of linear dependence 
c                          or were negative (if noneg=1) 
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c 
c       resid              Residuals (data minus scaled calculated spectra) 
c              
c   Includes: 
c     nlsdim.inc 
c  
c   Uses: 
c     qrfac    Calculate QR factorization of design matrix (MINPACK) 
c     qtbvec   Calculate Q(transpose)*b from Householder transformations 
c     rsolve   Solve R*x = Q(transpose)*b 
c     dchex    Update QR factors for column permutation of design matrix 
c   
c----------------------------------------------------------------------  
      subroutine sscalenew( data,spct,wspct,ldspct,work,nsite,npt,ctol, 
     #                   noneg,iscal,sfac,resid ) 
      implicit none 
c 
      integer ldspct,noneg,npt,nsite 
      integer iscal(nsite) 
      double precision data(npt),work(npt),spct(ldspct,nsite), 
     #                 wspct(ldspct,nsite),resid(npt),sfac(nsite),ctol 
c 
      include 'nlsdim.inc' 
c 
      integer ixspc(MXSITE),jpvt(MXSITE) 
      double precision qtd(MXSITE),qraux(MXSITE),rdiag(MXSITE), 
     #                 tmpfac(MXSITE),wa1(MXSITE),wa2(MXSITE) 
c 
      integer i,info,j,jtmp,k,m,mneg,nscl 
      double precision smin,sumc2,sumdc,tmp 
c 
      double precision ZERO 
      parameter (ZERO=0.0d0) 
c 
c 
c###################################################################### 
c 
c --- NEW --- 
      do i=1,512 
      data(i)=data(i) 
      spct(i,1)=spct(i,1) 
      spct(i,2)=spct(i,2) 
      spct(i,3)=spct(i,3) 
      end do 
      do i=513,1024 
      data(i)=data(i)*6 
      spct(i,1)=spct(i,1)*6 
      spct(i,2)=spct(i,2)*6 
      spct(i,3)=spct(i,3)*6 
      end do 
      do i=1025,1536 
      data(i)=data(i)*23 
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      spct(i,1)=spct(i,1)*23 
      spct(i,2)=spct(i,2)*23 
      spct(i,3)=spct(i,3)*23 
      end do 
c --- NEW --- 
c 
      do j=1,npt 
         resid(j)=data(j) 
      end do 
c 
c     -------------------------------------------------------------- 
c     Copy any spectra with the autoscale flag set to the work array 
c     Subtract spectra with fixed scale factors from the residuals 
c     -------------------------------------------------------------- 
      nscl=0 
      do i=1,nsite 
         if (iscal(i).ne.0) then 
            nscl=nscl+1 
            ixspc(nscl)=i 
            do j=1,npt 
               wspct(j,nscl)=spct(j,i) 
            end do 
         else 
            do j=1,npt 
               resid(j)=resid(j)-sfac(i)*spct(j,i) 
            end do 
         end if 
      end do 
c 
      if (nscl.eq.0) return 
c 
c---------------------------------------------------------------------- 
c     If there is only one site, calculate the least-squares 
c     scaling factor directly 
c---------------------------------------------------------------------- 
      if (nscl.eq.1) then 
c 
         sumdc=ZERO 
         sumc2=ZERO 
         do i=1,npt 
            sumdc=sumdc+resid(i)*wspct(i,1) 
            sumc2=sumc2+wspct(i,1)*wspct(i,1) 
         end do 
c 
         if (sumc2.ne.ZERO) then 
            tmpfac(1)=sumdc/sumc2 
         else 
            tmpfac(1)=ZERO 
         end if 
c 
c--------------------------------------------------------------- 
c     For multiple sites, use QR decomposition to find linear  
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c     least-squares scaling coefficients and rms deviation  
c--------------------------------------------------------------- 
      else 
c 
c        -------------------------------------------- 
c        Compute the QR factorization of the spectra 
c        -------------------------------------------- 
         call qrfac(npt,nscl,wspct,ldspct,.true.,jpvt,nscl,rdiag, 
     #        wa1,wa2) 
c 
         do i=1,nscl 
            qraux(i)=wspct(i,i) 
            wspct(i,i)=rdiag(i) 
         end do 
c 
c        -------------------------------------------------------------- 
c         Determine which spectra are linearly dependent and remove them 
c         from the problem 
c        -------------------------------------------------------------- 
         k=0 
         do i=1,nscl 
            if (dabs(rdiag(i)) .le. ctol*dabs(rdiag(1)) ) goto 14 
            k=i 
         end do 
c 
 14      call qtbvec(npt,k,wspct,ldspct,qraux,data,work) 
c 
c       --------------------------------------------------------- 
c        Loop to here if QR factorization has been updated  
c        to eliminatespectra entering with negative coefficients 
c       --------------------------------------------------------- 
c 
 15      call rsolve( npt,k,wspct,ldspct,qraux,work,tmpfac, 
     #               .false.,tmp )  
c 
c        ------------------------------------------------------------     
c         Optional check for negative coefficients: permute spectra 
c         with negative coefficients into the truncated part of the QR  
c         factorization and re-solve the problem 
c         (But don't truncate the last spectrum!) 
c        ------------------------------------------------------------     
         if (noneg.ne.0.and.k.gt.1) then 
            smin=ZERO 
            mneg=0 
            do i=1,k 
               if (tmpfac(i).lt.smin) then 
                  mneg=i 
                  smin=tmpfac(i) 
               end if 
            end do 
c 
            if (mneg.ne.0) then 
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               if (mneg.lt.k) then 
                  call dchex( wspct,ldspct,nscl,mneg,k, 
     #                        work,ldspct,1,wa1,wa2,2 ) 
c      
                  jtmp=jpvt(mneg) 
                  do j=mneg,k-1 
                     jpvt(j)=jpvt(j+1) 
                  end do 
                  jpvt(k)=jtmp 
               end if 
               k=k-1 
               go to 15 
            end if 
         end if 
c 
c      --------------------------------------------------------------- 
c      Set the unused components of tmpfac to zero and initialize jpvt 
c      for unscrambling scaling coefficients from pivoted order 
c      --------------------------------------------------------------- 
         do i=1,nscl 
            jpvt(i)=-jpvt(i) 
            if (i.gt.k) tmpfac(i)=ZERO 
         end do 
c 
c      ----------------------------------------------------- 
c      Unscramble the solution from pivoted order using jpvt 
c      ----------------------------------------------------- 
         do 70 i=1,nscl 
            if (jpvt(i).le.0) then 
               k=-jpvt(i) 
               jpvt(i)=k 
c      
 50            if (k.eq.i) goto 70 
               tmp=tmpfac(i) 
               tmpfac(i)=tmpfac(k) 
               tmpfac(k)=tmp 
               tmp=rdiag(i) 
               rdiag(i)=rdiag(k) 
               rdiag(k)=tmp 
               jpvt(k)=-jpvt(k) 
               k=jpvt(k) 
               go to 50 
            end if 
 70      continue 
c      
c             *** End if (nscl.eq.1) ... else ... 
      end if 
c 
c     ------------------------------------------------------ 
c     Calculate residuals using least-squares scale factors 
c     ------------------------------------------------------ 
c 
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c --- NEW --- 
      do i=1,512 
      data(i)=data(i) 
      spct(i,1)=spct(i,1) 
      spct(i,2)=spct(i,2) 
      spct(i,3)=spct(i,3) 
      end do 
      do i=513,1024 
      data(i)=data(i)/6 
      spct(i,1)=spct(i,1)/6 
      spct(i,2)=spct(i,2)/6  
      spct(i,3)=spct(i,3)/6 
      end do 
      do i=1025,1536 
      data(i)=data(i)/23 
      spct(i,1)=spct(i,1)/23 
      spct(i,2)=spct(i,2)/23 
      spct(i,3)=spct(i,3)/23 
      end do 
c 
      do j=1,npt 
         resid(j)=data(j) 
      end do 
c --- NEW --- 
c 
      do i=1,nscl 
         k=ixspc(i) 
         sfac(k)=tmpfac(i) 
         do j=1,npt 
            resid(j)=resid(j)-sfac(k)*spct(j,k) 
         end do 
      end do 
c 
      return 
      end 
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Appendix II.   Error Estimation for the Best Fit Parameters in Table 2-2 and 3-2 
 
 
72R2 at 2oC in water solution 
9 + 95 + 170 GHz 
 
 
 
Initial Value = 
Table 2-2 – 10% 
Initial Value = 
Table 2-2 + 10%   Table 2-2 
Best Fit Error Best Fit Error 
Ro┴ 
(107 s-1) 33.1 32.4 2% 34.7 5% 
c20 2.91 2.94 1% 2.96 2% 
S20 0.57 0.57 0 0.58 0.01 
Comp 
2 
Population 
(%) 27 26~27  (<= 1%) 
Ro┴ 
(107 s-1) 4.3 4.2 2% 4.3 0% 
c20 3.41 3.53 4% 3.58 5% 
S20 0.65 0.67 0.02 0.67 0.02 
Comp 
1 
Population 
(%) 73 74~73  (<= 1%) 
 R
c 
(107 s-1) 0.69 0.74 7% 0.74 7% 
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131R2 at 2oC in water solution 
9 + 95 + 170 + 240 GHz 
 
 
 
 
 
 
 
 
Initial Value = 
Table 2-2 – 10% 
 
Initial Value = 
Table 2-2 + 10%   Table 2-2 
Best Fit Error Best Fit Error 
Ro┴ 
(107 s-1) 42.7 42.7 0% 43.7 2% 
c20 2.81 2.83 1% 2.85 1% 
S20 0.57 0.58 0.01 0.58 0.01 
Comp 
2 
Population 
(%) 44 44~46  (<= 2%) 
Ro┴ 
(107 s-1) 9.1 8.9 2% 9.1 0% 
c20 3.73 3.9 5% 3.93 5% 
S20 0.68 0.69 0.01 0.70 0.02 
Comp 
1 
Population 
(%) 56 56~54  (<= 2%) 
 R
c 
(107 s-1) 0.68 0.63 7% 0.66 3% 
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131R2 at 32oC in water solution 
9 + 95 + 170 + 240 GHz 
 
 
 
 
 
 
Initial Value = 
Table 2-2 – 10% 
Initial Value = 
Table 2-2 + 10%   Table 2-2 
Best Fit Error Best Fit Error 
Ro┴ 
(107 s-1) 67.6 66.1 2% 70.8 5% 
c20 2.75 2.72 1% 2.73 1% 
S20 0.55 0.55 0 0.55 0 
Comp 
2 
Population 
(%) 65 63~66 (<=2%) 
Ro┴ 
(107 s-1) 15.8 16.2 3% 16.2 3% 
c20 3.60 3.61 0% 3.69 2% 
S20 0.66 0.66 0 0.67 0.01 
Comp 
1 
Population 
(%) 35 34~37 (<=2%) 
 R
c 
(107 s-1) 1.78 1.78 0% 1.82 2% 
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131R2 at 2oC in 15% Ficoll solution 
9 + 95 + 170 GHz 
 
 
 
 
 
 
 
 
Initial Value = 
Table 3-2 – 10% 
Initial Value = 
Table 3-2 + 10%   Table 3-2 
Best Fit Error Best Fit Error 
Ro┴ 
(107 s-1) 42.7 39.8 7% 43.7 2% 
c20 2.97 3.01 1% 3.03 1% 
S20 0.6 0.6 0 0.61 0.01 
Comp 
2 
Population 
(%) 37 37~38  (<= 1%) 
Ro┴ 
(107 s-1) 6.0 6.0 0% 6.2 3% 
c20 3.74 3.8 2% 3.93 5% 
S20 0.68 0.69 0.01 0.70 0.02 
Comp 
1 
Population 
(%) 63 63~62  (<= 1%) 
 R
c 
(107 s-1) 0.2 0.2 0% 0.2 0% 
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72R1 at 2oC in water solution 
9 + 95 + 170 + 240 GHz
 
Initial Value = 
Table 2-2 – 10% 
Initial Value = 
Table 2-2 + 10%   Table 2-2 
Best Fit Error Best Fit Error 
Ro┴ 
(107 s-1) 40.7 38.0 7% 38.9 4% 
c20 3.49 3.41 2% 3.47 1% 
S20 0.59 0.57 0.02 0.58 0.01 
Comp 
2 
Population 
(%) 38 37~43  (<= 5%) 
Ro┴ 
(107 s-1) 4.0 4.2 4% 4.2 4% 
c20 3.3 3.2 3% 3.37 2% 
S20 0.64 0.63 0.01 0.65 0.01 
Comp 
1 
Population 
(%) 32 29~34  (<= 3%) 
Ro┴ 
(107 s-1) 49.0 51.3 5% 52.5 7% 
c20 3.21 3.2 0% 3.2 0% 
S20 0.43 0.43 0 0.43 0 
Comp 
3 
Population 
(%) 30 28~30  (<= 2%) 
 R
c 
(107 s-1) 0.68 0.68 0% 0.66 3% 
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Appendix III.   σ 9 GHz / σ j in Equation (2) of Chapter 2 
 
 
σ 9 GHz / σ j Mutant 
Site 
Spin 
Label 
Ficoll  
Conc. 
( w/v % ) 
Temp. 
(oC) 9 GHz 95 GHz 170 GHz 240 GHz
32 1 5 44 86 
22 1 4 42 57 
12 1 5 35 50 
72 R1 0 
2 1 7 40 61 
32 1 17 79 225 
22 1 5 54 96 
12 1 10 48 76 
131 R1 0 
2 1 9 44 61 
32 1 4 31 --- 
22 1 5 40 --- 
12 1 7 25 --- 
72 R2 0 
2 1 6 23 --- 
32 1 16 48 100 
22 1 8 32 86 
12 1 5 28 61 
131 R2 0 
2 1 5 30 36 
32 1 --- --- 207 
22 1 --- --- 118 
12 1 --- --- 136 
131 R1 25 
2 1 --- --- 82 
32 1 12 65 --- 
22 1 10 40 --- 
12 1 12 37 --- 
   72 R2 15 
2 1 15 44 --- 
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32 1 9 67 --- 
22 1 10 40 --- 
12 1 15 63 --- 
72 R2 25 
2 1 17 67 --- 
32 1 6 33 --- 
22 1 10 50 --- 
12 1 12 44 --- 
131 R2 15 
2 1 18 73 --- 
32 1 8 65 121 
22 1 10 72 93 
12 1 10 58 75 
131 R2 25 
2 1 12 49 50 
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Appendix IV.   Experimental Parameters 
 
 
Microwave 
Frequency 
(GHz) 
Modulation 
Amplitude 
(Gauss) 
Microwave  
Power 
(mW) 
Time 
Constant 
(ms) 
Sweep 
Rate 
(G/s) 
Time 
Per Point 
(ms) 
9 1.0 1.0 160 --- 80 
95 4.6 
1.0 V a 
(0 V at full 
power) 
30 --- 30 
170 8.8 18.4 b 300 3.3 300 
240 9.0 17.4 b 300 3.3 210 
 
 
   a   The microwave power at 95 GHz is not measured by a power meter, thus only the 
attenuator setting is given here. 
 
   b   The microwave power at 170 and 240 GHz is measured by a power meter, and the 
attenuator settings are 2.8 and 2.0 respectively at 170 and 240 GHz. 
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